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 Resumo  
Uma nova família de porfirinas atropoisoméricas decoradas com grupos fenólicos 
foram preparadas e suas interações secundárias investigadas em solução e no estado 
sólido. O atropoisômero com configuração αβ apresentou baixa solubilidade em 
solventes orgânicos, enquanto o atropoisômero αα demonstrou a solubilidade 
esperada para compostos porfirínicos. Difratometria de raios-x evidencia que as 
interações do tipo - são mais fortes no atropoisômero αβ e promovem um 
empacotamento muito mais eficiente das moléculas quando comparadas às do 
atropoisômero αα. A estrutura cristalina revela que interações do tipo - entre os 
grupos fenila e fenol na periferia da molécula com o centro da porfirina ocorrem 
somente no atropoisômero αβ. Portanto, esta interação deve ser a responsável pela 
baixa solubilidade do composto. Estudos de MALDI-TOF confirmam a presença de 
interações secundárias mais eficientes no estado sólido para o atropoisômero αβ, pois 
sinais de m/z que correspondem as espécies com maior massa molar (até tetrâmeros) 
foram observados no espectro de massas de αβ, enquanto somente sinais de m/z de 
dímeros aparecem no espectro de massas de αα sob as mesmas condições 
experimentais. Investigações em solução usando espectroscopias de IV e 1H RMN 
sugerem que formação de ligações hidrogênio entre os grupos fenólicos e os 
nitrogênios pirrólicos no centro da porfirina também são importantes e auxiliam na 
formação de agregados. No entanto, evidência direta de como estas ligações 
hidrogênio ocorrem não foram obtidas até o presente momento. O presente trabalho 
também avaliou algumas propriedades químicas dos atropoisômeros. Por exemplo, 
Co(II)porfirinatos foram preparados a partir dos atropoisômeros e a capacidade deles 
de promover reações de ciclopropanação entre ethyldiazoacetato (EDA) e estireno foi 
investigada em diferentes condições. Os dados obtidos demonstraram que as funções 
fenólicas eram incompatíveis com a reação de ciclopropanação, provavelmente 
devido as reações laterais entre o fenol e os intermediários radicalares gerados 
durante o ciclo catalítico. Versões esterificadas dos Co(II)porfirinatos foram estudados 
e os resultados evidenciaram que o atropoisômero αβ é inativo devido ao grande 
congestionamento estérico ao redor do íon Co(II) no porfirinato, enquanto que o 
composto αα apresentou excelente atividade, com performance similar aos melhores 
Co(II)porfirinatos reportados na literatura. O presente trabalho demonstra que 
atropisomerismo em sistemas porfirínicos é um fator chave no design de catalisadores 
e/ou receptores moleculares para estudos em Química Supramolecular.    
 Abstract  
A new family of porphyrin-based atropisomers bearing phenol functionalities has been 
synthesized and their secondary interactions in solution and solid state have been 
investigated. Atropisomer with the αβ configuration was unusually insoluble in common 
organic solvents, whereas the αα analog showed regular porphyrin solubility in the 
same solvents. Single crystal x-ray diffraction spectroscopy revealed that - 
interactions in the αβ atropisomer were stronger and led to a much more efficient 
packing of the molecules when compared to the αα analog. Furthermore, - 
interactions between the phenyl and phenol appended groups and the porphyrin core 
were observed only in the αβ atropisomer, thereby this interaction should be the main 
cause of the low solubility of this compound in organic solvents. MALDI-TOF 
investigations confirmed the stronger - interactions for the αβ atropisomer in the solid 
state, as m/z peaks for species with higher molecular masses (up to tetramer species) 
were observed in the mass spectrum, whereas only the m/z for the dimer appeared in 
the mass spectrum of the αα counterpart under the same conditions. FTIR and 1H NMR 
spectroscopies informed that formation of H-bonds between the appended phenol 
groups and the pyrrolic nitrogen moieties in the porphyrin core also played an important 
role in the formation of the aggregates in solution. However, all data together did not 
reveal the role of those H-bonds in the formation of aggregates in both atropisomers. 
Some chemical properties of the atropisomers were also explored in the present work. 
Co(II)porphyrinates were prepared from the αβ and αα compounds and their ability to 
promote cyclopropanation reactions between ethyldiazoacetate (EDA) and styrene 
were investigated under different experimental conditions. The data revealed that the 
appended phenol groups were incompatible with the cyclopropanation reactions. This 
incompatibility was probably due to side-reactions with the radical intermediates 
formed during the catalytic cycle. Esterification of the phenol functionalities rendered 
both atropisomers compatible with the radical mechanism of the proposed 
cyclopropanation reaction. Catalytic studies revealed that the αβ atropisomer was 
inactive, probably due to steric hindrance of the appended groups on both faces of the 
porphyrin core, whereas the αα analog showed excellent activity, with similar 
performance to that observed for the Co(II)porphyrinates described in the literature.  
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Acid dissociation constant 
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Silicon Dioxide 
Atomic Number 
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International Union of Pure and Applied Chemistry 
Trans,trans-1,4-Diphenyl-1,3-butadiene  
2,5-Dihydroxybenzoic acid 
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1 INTRODUCTION  
 
1.1 ATROPISOMERS  
 
Atropisomers are stereoisomers ensured by restrict rotation about a bond, 
wherein steric strain energy is high enough to avoid rotation, thereby allowing isolation 
of the isomers at a given temperature1. Figure 2 shows a general example of a biaryl 
atropisomer. The ortho substituents A, B, C and D are bulky enough such that steric 
clashes create energy barriers enough to preclude rotation about the single C(6)–C(6’) 
bond at a given temperature.  
 
Figure 2. Biaryl atropisomer.  
 
The term atropisomerism was introduced by Kuhn in 19332 and derives from 
the Greek words: a = not and tropos = turn. Kuhn introduced this term to describe the 
ortho substituents of biaryl compounds synthetized a decade earlier by Christie and 
Kenner3. Christie and Kenner reported that a single enantiomer of 6,6’-dinitro-2,2’-
diphenic acid was isolated from the racemic mixture via diastereoselective 
crystallization with a chiral resolving agent called brucine salt. They described that both 
atropisomers exhibited tendency to racemization over time, therefore the substituents 
close to the biaryl axis were not bulky enough to avoid the rotation around the C-C 
bond. Using optical rotatory power (ORP) and melting point (m.p.) measurements, they 
were able to distinguish the racemic mixture from the isolated (R)-stereoisomer (Figure 
3).  
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Figure 3. Atropisomers (1R)-6,6'-Dinitro[1,1'-biphenyl]-2,2'-dicarboxylic acid (left) and 
(1S)-6,6'-Dinitro[1,1'-biphenyl]-2,2'-dicarboxylic acid (right) investigated by Christie 
and Kenner in 19223. The atropisomer isolated had the R configuration (left).  
 
Since Kuhn, several researchers have proposed distinct definitions for axial 
chirality in atropisomers. Oki and colleagues proposed that atropisomers were systems 
that could be separated and have a half-life time superior to 1000 seconds (16 minutes) 
at a given temperature as measured by NMR techniques. Oki also established that the 
minimum free energy barrier for the appended groups to rotate about the axial bond 
varies with temperature1. The rotational stability of the atropisomers is chiefly 
determined by the technical features of the groups close to the chiral axis such as 
bulkiness, electron donation or withdrawing features and excited state properties. For 
the latter, photochemical induced processes are known to promote atropisomerism in 
some systems4,5,6. 
The nomenclature applied to atropisomers in biaryl systems was developed 
by Bringmann et al in 20057. The absolute axial configuration is denoted by analysis of 
the Newman projection along the biaryl axis following the assignment of the priority 
group according to the Cahn-Ingold-Prelog (CIP) priority rules. To define the priority 
group, the following rule is used: a) the group with higher atomic number (Z) receives 
higher priority; b) if occur a tie, we consider the neighborhood of the atoms in the tie; 
the higher the Z of the group linked to the atom in tie the higher is the priority. These 
rules allow assignment of the R (clockwise) and S (counterclockwise) configurations 
usually used for stereoisomers to atropisomers8. However, the notations S and R in 
stereoisomers become M (minus) and P (plus), respectively, in atropisomers (Figure 
4). It should be mention that the nomenclature of atropisomers is still under debate, as 
works reported in literature and reproduced herein have used distinct nomenclature for 
atropisomers. For porphyrin atropisomers, the nomenclature suggests a different rule, 
which was originally proposed to define the relative positions of axial ligands in 
porphyrinates. However, literature has mistakenly adopted this nomenclature system 
to designate the configurations of free-base porphyrin atropisomers. The rule is the 
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following: with the tetrapyrrolic core oriented with the atom numbering increasing 
clockwise when seen from above, the groups below and above the porphyrin mean 
plan are termed α and β, respectively (Figure 5). Therefore, groups positioned above 
the porphyrin plane are termed β, while those below are termed α. We will use the 
nomenclature α/β to designate the porphyrin atropisomers investigated in the present 
work9.  
 
 
 
Figure 4. Chirality in biaryl compounds bisphenol. M (minus, counterclockwise) and P 
(plus, clockwise).  
 
 
Figure 5. α/β nomenclature system originally conceived to designate the position of 
axial ligands in porphyrinates (left) and mistakenly adopted to designate free-base 
porphyrin atropisomers (center and right). 
 
Atropisomer biaryl compounds are widely found in natural products. An 
interesting example is the atropisomers of gossypol, which are extracted from cotton 
seeds (Figure 6) and have distinct biological activity. For instance, the (R)-gossypol 
atropisomer causes male infertility, while the (S)-analog does not. The (R)-
configuration has larger anticancer activity than the (S)-configuration. Therefore, the 
(R)-gossypol has been investigated by pharmaceutical industries in clinical trials for 
anticancer drugs, and several synthetic strategies have been developed in the 
literature to afford (R)-gossypol selectively10,11,12. 
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Figure 6. Absolute configuration of (S)-gossypol (left) and (R)-gossypol (right).  
  
Besides classical biaryl systems, atropisomerism is also observed in several 
other systems. For example, Ulman and colleagues demonstrated for the first time the 
concept of biaryl-type atropisomerism in ortho-substituted-tetraphenylporphyrins 
(Figure 7)13. Usually, meso-tetraphenylporphyrins have their phenyl group planes 
oriented nearly orthogonal to that of the porphyrin core due to steric clash between the 
β-pyrrolic and the meso-phenyl hydrogen moieties. This steric clash projects the ortho 
substituents on the phenyl moieties above and below the porphyrin plane. Ulman 
reported that in the case of tetra-meso-o-hydroxyphenylporphyrins, four atropisomers 
could be isolated by simple column chromatography on regular silica, revealing that 
the relatively small ortho hydroxyl groups were sufficient bulk to prevent rotation about 
the phenyl-porphyrin bond. The yield distribution of the four porphyrins atropisomers 
were 1:4:2:1 molar ratio, as expected by the authors from the statistical acid-catalyzed 
condensation reaction between pyrrole and 2-hydroxybenzaldehyde precursors. The 
most abundant atropisomer isolated from the crude mixture corresponded to that with 
three hydroxyl groups on the same side of the porphyrin plane (αβ3 configuration). 
Ulman also observed by thin layer chromatography (TLC) that the αβ3 atropisomer 
interconverted to the other atropisomers at 23 ºC in methanol solution, reaching 
equilibrium after 1 h. This finding indicated that the hydroxyl groups, although bulk 
enough to allow isolation of the atropisomers by regular chromatography, allowed 
redistribution of the configurations at 23 ºC in methanol and demonstrated the dynamic 
nature of the atropisomer interconversion processes in those porphyrin systems. 
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Figure 7. Tetra-meso-o-hydroxyphenylporphyrin (THPP) and statistical distribution of 
atropisomers 9,13 . 
 
Based on this concept, several other groups have explored atropisomerism 
in porphyrins as strategy to prepare synthetic models for heme proteins as well as 
receptors for host-guest chemistry, catalysis and supramolecular polymers14,15,16. In 
this context, it is interesting to mention the work of Weiss and collaborators17 (Figure 
8), in which a phenanthroline-strapped porphyrin derivative was designed to selectively 
coordinate Zn(II) and Cu(I) ions in their porphyrin and phenanthroline coordination 
sites, respectively. Taken advantage of the selectivity of the coordination sites towards 
Zn(II) and Cu(I) ions, they investigated formation of coordinative bonds as driving force 
for the interconversion process of the atropisomers in their system. To that end, they 
decorated their phenanthroline-strapped porphyrin derivative with two pyridine side-
arms attached to the two opposite available meso-positions. As the two faces of the 
porphyrin moiety were not equivalent due to the appended phenanthroline strap, a 
statistical distribution of three atropisomers were observed for the free-base 
compound: α2, αβ and β2. Upon coordination to Zn2+ ions, the authors observed total 
interconversion of the α2 and αβ configurations to the β2 one. This interconversion 
process was driven by the formation of coordinative bonds between the Zn(II) ions and 
the pyridine moieties attached to the side arms at the open face of the porphyrin 
moiety. However, coordination of Cu(I) ions to the phenanthroline binding site of the 
Zn(II)porphyrinate resulted in partial interconversion of the β2 conformer to the αβ 
analog, with the latter being predominant. In the αβ atropisomer, one pyridine group 
was coordinate to the Zn(II) ion at the open face of the porphyrin (the β face), while the 
other one was coordinate to the Cu(I) ion on the encumbered face (the α face) (Figure 
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8). Formation of the α2 atropisomer was not observed in either complexes under the 
conditions investigated. This elegant contribution demonstrated that formation of 
coordinative bonds could be used to control atropisomerism in porphyrin derivatives. 
 
 
Figure 8. Phenanthroline-strapped porphyrin-based derivatives used by Weiss to 
control the atropisomer configurations by formation of coordinative bonds. S = solvent 
molecule. 
  
1.2  ATROPISOMERS IN INTERLOCKED SYSTEMS 
 
Over the last three decades, scientists have been developing several 
methods to synthetize rotaxanes and catenanes as artificial models of molecular 
machines18 (Figure 9). These molecules are held together mechanically rather than by 
chemical bonds. Besides the beautiful aesthetic design of those supramolecular 
systems, these structures have demonstrated several potential properties in 
nanotechnology19. 
Rotaxanes consist in a class of systems, which are composed of a linear 
molecular component threated by a molecular ring without formation of any covalent 
bond between the two components. The name rotaxane derived from Latin: wheel 
(rota) and axle (axis). If the linear molecular component can freely slip in and out 
through the macrocycle, the resultant structure is called pseudo-rotaxanes (image A, 
Figure 9). To avoid this slippage, the linear molecule is capped with two bulky moieties 
(bulk groups) to yield rotaxanes (image B, Figure 8). Therefore, rotaxanes (image B, 
Figure 9) are usually prepared from pseudo-rotaxane intermediates. Catenanes 
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(Figure 9) have two or more molecular rings interlocked to each other without formation 
of covalent bonds. The name catenane derives from the Latin word “catena” meaning 
“chain”20. Rotaxanes and catenanes are named by the number of the interlocked 
components, for instance, two interlocked macrocycles yield a [2]-catenane, whereas 
a molecular linear component threated by one macrocycle is a [2]-rotaxane. In both 
systems, there are formation of one mechanical bond. 
 
Figure 9. Interlocked molecules: Left: [2]-catenane; Right: pseudo-rotaxane (A) and 
[2]-rotaxane (B). 
 
Atropisomerism plays an important role in the assembling process of 
rotaxanes and catenanes. For example, Maxwell and co-workers prepared porphyrin-
based macrocycles bearing polyether and 1,4-dioxybenzene subunits21 (Figure 10). 
The porphyrin-based macrocycle was prepared as a mixture of two atropisomers 
() that could be separated by chromatography column. The authors showed that 
only the atropisomer was suitable for the assembly of a [2]-catenanes using 
formation of attractive secondary interactions between the electron rich dioxybenzene 
moieties on the ring and the electron poor bipyridinium groups as template for 
formation of the mechanical bond. This work showed an example of classic porphyrin 
atropisomerism ruling the interlocking process in the formation of catenanes21.  
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Figure 10. Self-assembly of a [2]-catenanes in which atropisomerism played a crucial 
role in the templated interlocking process.  
  
Another important evidence of atropisomers in interlocked systems came 
from the work by Stoddart and co-workers22 (Figure 11). The properties of interlocked 
molecules have been elegantly explored as principles for the construction of molecular 
machines and motors; a field that was recognized by the Royal Swedish Academy of 
Sciences with the last Nobel Prize in Chemistry (2016). For instance, Stoddart and 
collaborators have demonstrated that a rotaxane consisting of a -accepting 
tetracationic cyclophane ring unit threaded on an axle component bearing two -
donating “dock positions”, i.e. bisphenol and benzidine moieties, can work as a 
chemically and electrochemically driven switchable molecular machine. More 
specifically, the authors found that in acetonitrile solution at 229 K, the cyclophane ring 
preferentially stayed at the -electron richer benzidine “dock position” instead of at the 
bisphenol counterpart in 84/16 molar ratio. However, addition of an excess of 
tetrafluoroacetic acid led to protonation of the nitrogen atoms on the benzidine 
moieties, which in turn quantitatively promoted the translational motion of the 
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cyclophane ring to the bisphenol “dock position” due to unfavorable electrostatic 
repulsions between the tetracationic ring and the benzidine dication. Neutralization of 
the benzidine dication with pyridine restored the original molar distribution of the 
translational isomers on the rotaxane, thereby proving the reversibility of the 
translational movement of the ring between the two “dock positions”22. 
As this example shows, rotaxanes often exist in different configurations that 
are stereoisomers, i.e. they have the same connectivities but differing arrangements 
of the atoms in space. If the rotaxane axle component has two equal “dock positions” 
in which the ring component can stay, this rotaxane exists as an equilibrium mixture of 
two stereoisomers, which are differentiated solely by the position of the ring along the 
axle. However, if there are two different “dock positions” along the axle component like 
in Stoddart’s rotaxanes (Figure 10), the ring subunit preferentially stay in one “dock 
position” rather than the other. As the ring is hold on the preferential “dock position” by 
relatively weak secondary interactions, specific external stimuli can disrupt those 
interactions to free the ring component, which in turn moves along the axle until 
reaching the other “dock position”. Therefore, the stereoisomers interconvert by a 
translational movement of the ring component relative to the axle subunit. As external 
stimuli, such as temperature, must be provided to move the ring along the axle, 
rotaxane stereoisomers can also be considered to be atropisomers. However, 
rotaxanes interconversion involves the translation of an entire molecular subunit (ring) 
rather than a simple rotation about a bond like in noninterlocked compounds. There is 
no consensus yet in the literature whether bis-stable rotaxanes should be considered 
stereoisomers or atropisomers.  
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Figure 11. Chemically and electrochemically molecular switch based on a rotaxane-
like structure reported by Stoddart and collaborators.  
 
Within this context, we have been interested in using secondary interactions 
between molecular rings and threads to assemble polyrotaxanes and polycatenanes 
(interlocked macromolecules) rather than molecular machines and motors. Interlocked 
polymers are macromolecular structures whose main constituents are linked to each 
other by mechanical bonds. Our idea is to investigate the effects of the molecular 
motions of one component relative to the other on the physical properties of the 
macromolecules. For example, the rotaxane structure brings about at least two new 
and peculiar degrees of freedom, namely the rotation and/or translation of the 
macrocycle relative to the axle component that do not exist in noninterlocked 
architectures. If rotaxanes can be linked together in a polymer-like structure, such 
molecular movements might be able to dissipate large amounts of mechanical energy 
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applied to the material through tension and compression. Accordingly, polyrotaxanes 
would be super elastomeric materials23,24,25. 
However, preparation of well-defined polyrotaxanes and polycatenanes is 
still a synthetic challenge. Entropy is the main problem to overcome in the synthesis of 
such materials. For simple rotaxanes and catenanes, the inherent entropic cost 
involved in the self-assembly process is compensated by formation of favorable 
secondary interactions that warrant enthalpic gains that render the interlocking process 
spontaneous. However, the huge entropy cost to assemble interlocked 
macromolecules cannot be overcome by formation of relative few secondary 
interactions between the components like in the template strategies developed so far 
for the assemble of simple rotaxanes and catenanes. Thus, to the best of our 
knowledge, well-defined polyrotaxanes and polycatenanes remains elusive. 
  
1.3    INTERMOLECULAR INTERACTIONS  
 
To overcome the high entropic cost inherent to the synthesis of 
polyrotaxanes and polycatenanes, the idea of accumulating many weak secondary 
interactions between the components has been explored in our lab. This accumulation 
of secondary interactions should lead to a large enthalpic gain and render the self-
assembly process of the interlocked polymer spontaneous. The main non-covalent 
interactions explored in our polyrotaxane and polycatenante designs are Van der 
Waals,  aromatic stacking, coordinative and hydrogen bondings26. In the present 
work, we only describe some fundamentals of hydrogen bonding and  interactions, 
as they are key to the discussion of our data.  
 
1.3.1    Hydrogen Bonding  
 
Hydrogen bonding is responsible for the relatively high boiling point of water 
(100 ºC, at 1 atm) and is key to protein folding and DNA nucleobases pairing in 
biological systems. The definition of hydrogen bonding according to IUPAC is: the 
hydrogen bond is an attractive interaction between a hydrogen atom from a molecule 
or a molecule fragment X–H in which X is more electronegative than H, and an atom 
or a group of atoms in the same or a different molecule, in which there is evidence of 
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bond formation.27 In the literature, H-bonding is usually described as the non-covalent, 
attractive interaction between a proton donor (X–H) and a proton acceptor species (Y) 
in the same or in a different molecule, and it is represented by X–H•••Y (Figure 12). In 
this conventional definition, the H nucleus is linked to an electronegative atom such as 
N, O and F, and Y is either an electronegative molecular region or a region with excess 
in electrons, such as unshared electron pairs. However, modern investigations have 
revealed that C–H synthons can engage in H-bonds as H-donors and -electron clouds 
can play the role of H-acceptors in some systems. The distance between the groups 
engaged in hydrogen bonding is in the range of 2.5 – 3.5 Å28, which yield interactions 
with magnitudes in the range of 1 – 40 kcal mol-1.  
 
 
Figure 12. Intramolecular and intermolecular hydrogen bonding (left) and donor and 
acceptor groups engaged in H-bonding (right). Formation of H-bonds is usually 
represented by dotted lines.  
 
As an electrostatic interaction, the magnitude of H-bonds is dependent on 
the geometry of the interacting H-donor-acceptor motifs, hence it is highly directional. 
Furthermore, concentration is critical in intermolecular H-bonds, whereas 
intramolecular interactions are insensitive to this parameter. Solvents also play a key 
role in formation or disruption of H-bonds, introducing solvation and hydrophobic 
effects to the scenario. Several theories, based on classical and quantum electrostatic 
models, have been proposed to generally explain formation of H-bonds, although none 
of them seems to have achieving that to date29. Indeed, definition of H-bonds is 
ambiguous and often leads to misinterpretations in the literature. However, it has been 
accepted, at least from the point of view of facilitating the work of experimentalists, that 
two features are common to H-bond formation. Firstly, there is a significant charge 
transfer from the H-acceptor (Y) to the H-donor synthon (X–H), which might be 
monitored by absorption spectroscopy. Secondly, formation of the X–H•••Y interaction 
weakens the X–H covalent bond. The X–H bond elongation that accompanies this 
weakening leads to a concomitant decrease of the X–H stretch vibration frequency 
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when compared to that of noninteracting species. This red shift might be of several 
tens to hundreds of wavenumbers and is considered as the basis for several 
spectroscopic, structural, and thermodynamic techniques used for the detection and 
investigation of H-bonding. However, to complicate the situation, in some very 
particular cases, the X–H covalent bond might be compressed upon formation of H-
bonds, thereby leading to small blue shifts in the X–H covalent stretching frequency 30.  
Those shifts in stretching frequencies of the H-bond engaging groups can 
be easily monitored by FTIR spectroscopy, rendering this technique highly useful to 
infer about formation of H-bonds and their properties. For example, FTIR has revealed 
large red shifts of the OH stretching frequency in liquid water compared to the 
absorption frequency of the OH stretching mode of water in the gas phase because of 
the abundance of H-bonds in liquid water. The OH stretching frequency is further red-
shifted in ice, due to the increasing hydrogen-bond strength in the ordered solid31.  
Formation of the X–H•••Y interaction also decreases the mean magnetic 
shielding of the proton engaged in the interaction. Therefore, deshielding is often 
observed for the nuclei in the 1H NMR spectrum. In some cases, the deshielding shift 
can be as higher as 20 parts per million (ppm), although lower shifts are more 
commonly observed32. For example, the OH chemical shift of pristine phenol varies 
from 4.6 ppm in dilute CDCl3 to 9.2 ppm in DMSO-d6 because of formation of 
intermolecular H-bonds. In contrast, the chemical shifts of the OH protons in 2-
hydroxybenzophenone is much less sensitive to changes in solvent because formation 
of strong intramolecular X–H •••Y bonds hampers formation of H-bonds with solvent 
molecules. Thus, 1H NMR spectroscopy is also a powerful technique to investigate H-
bonds33. 
  
1.3.2Aromatic Interaction 
 
 interactions34,35,36 occur, as its name suggests, in conjugate systems 
containing -bonds. The theoretical model for those interactions is based on a simple 
charge distribution model that considers that the slightly polar C–H bonds in the -
framework induce positive charges at the periphery of the aromatic ring, which is 
balanced out by the negative electron clouds located above and below the ring plane 
(Figure 13). In this configuration, the periphery of the ring is positively charged, while 
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its center is negatively charged. This model claims to elucidate the strong geometrical 
requirements for formation of the attractive interactions observed experimentally in 
aromatic systems, specially porphyrins. For example, Sanders and collaborators37 
suggested that the rarely observed cofacial (sandwich) arrangement of two aromatic 
moieties is unfavorable because of the repulsive forces existent between the 
negatively charged electron clouds. However, configurations called T-shape, edge-
to-face and parallel displaced (Figure 13) are thermodynamically favored because of 
the attractive forces between the positive charges at the periphery of one ring and the 
negatively charged electron cloud at the center of the other ring. Accordingly,  
attractive interactions should be observed in those arrangements. Sanders also 
proposed a set of three rules to summarize the model: rule 1 -  repulsions dominate 
in cofacial geometry; rule 2 - the - attraction dominates in edge-to-face or T-shaped 
geometry; and rule 3, - attraction dominates in parallel displaced geometry37,38,39.  
 
Figure 13. Charge distribution and geometries of benzene dimers engaged in  
interactions. 
 
The data reported herein clearly demonstrated that the electrostatic model 
for formation of  interactions between aromatic moieties could be used to explain 
the distinct solubility observed for the porphyrin atropisomers investigated in the 
present work. 
 
2 OBJECTIVES AND CHALLENGES  
 
In the context presented in the introduction section, we have been interested 
in secondary interactions such as coordinative bonds,  interactions and H-bonding 
between porphyrin-based molecular rings and linear threads to find the ideal balance 
between secondary for the preparation of interlocked macromolecules. One of our 
proposed strategies relies on what is called active metal template synthesis and is 
33 
based on cyclopropanation reactions between diazo and terminal olefin derivatives 
promoted by cobalt(II)porphyrinates (Scheme 1).  
 
Scheme 1. Schematic representation of polyrotaxane synthesis through the active 
metal template approach based on cyclopropanation reactions between diazo 
derivatives and terminal olefins promoted by Co(II)porphyrinates. 
 
 
The porphyrin macrocycle is previously synthesized following standard 
protocols, which upon coordination to cobalt(II) ions will yield the octahedral porphyrin 
complex with two weak and labile apical ligands; one inside the cavity (Lin) and the 
other outside the cavity (Lout). The weak and labile Lin and Lout species can be easily 
substituted by strong and kinetically robust ligands. However, the cavity of the 
porphyrin macrocycle has a specific size, which will discourage coordination of bulky 
ligands (Lbulk) inside the cavity, creating an asymmetry between the two apical 
positions of the octahedral porphyrin complex. Therefore, Lbulk will only displace the 
Lout ligand. This inherent structural constraint will be used to create the active apical 
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heteroleptic porphyrin complex that will be able to promote cyclopropanation reactions 
only inside the macrocycle’s cavity, an essential pre-requisite for polyrotaxane 
formation through the proposed active metal template synthesis. Upon coordination 
with a diazo monomer, the apical heteroleptic active porphyrin complex will produce 
the porphyrin monomer complex, which are organometallic species bearing metal-
carbene bonds inside the cavity. Addition of the olefin monomer will start the 
polymerization reaction and polyrotaxane chain growth. A bulk diazo derivative will 
then be coordinate to the active apical heteroleptic porphyrin complex in a separate 
flask to afford the terminator porphyrin complex, which is also an organometallic 
species with a metal-carbene bond inside the cavity. Addition of this terminator 
porphyrin complex together with the bulk olefin terminator to the polymerization 
reaction will extinguish the chain growth process to yield the target polyrotaxanes. 
To achieve the target polyrotaxane following strategy depicted in Scheme 
1, the first step is the synthesis of the porphyrin macrocycle. We have designed and 
synthesized macrocycle 5, which is prepared following the strategy depicted in 
Scheme 2. Macrocycle 5 is prepared from porphyrin precursor 4, which is afforded in 
two atropisomeric forms: 4αα and 4αβ. The atropisomers could be easily isolated and 
did not interconvert one to another in solution at room temperature due to the presence 
of two bulky ortho-phenol moieties attached to the aryl groups at the 5,15-meso-
positions of the porphyrin core. However, during our synthetic work, we noticed that 
one of the atropisomers was unusually insoluble in many organic solvents at room 
temperature, whereas the other had usual porphyrin solubility in the same solvents. 
Why did just one of the atropisomers present regular porphyrin solubility behavior 
whereas the other did not? That question intrigued us. 
We were aware that porphyrins can form aggregates in solution driven by 
van der Waals and  interactions due to their large aromatic systems. In our case, 
the lack of solubility of one of our atropisomers surely comes from strong  
interactions among the porphyrin species. However, the two atropisomers should 
undergo similar  stacking, as they are both porphyrin structures. Accordingly, the 
presence of phenol groups in our compounds led us to hypothesize that formation of 
hydrogen bonds could also be operative and should play an important role in the self-
aggregation process. Formation of hydrogen bonds is highly sensitive to their chemical 
environment. As already mentioned, parameters such as concentration, solvent 
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polarity and temperature as well structural features such as compound’s geometry and 
the spatial position of the atoms engaged in hydrogen bonds are extremely important 
for the thermodynamic and kinetic stability of such secondary interaction28. Thus, we 
decided to investigate why the two porphyrins atropisomers were so distinct in their 
intermolecular secondary interactions instead of pursuing the synthesis of the 
proposed polyrotaxanes. Moreover, the understanding of how the porphyrin core 
engages in secondary interactions might be a useful guide to understand the dynamic 
properties of our polyrotaxanes. 
 
Scheme 2. Synthetic strategy used to prepare the target porphyrin macrocycle 
necessary to assemble rotaxanes and polyrotaxanes according to the approach 
depicted in Scheme 140,41,42.  
 
Syntheses: (a) i) TFA, room temperature, N2 atmosphere, 5 min; ii) NaOH (0.1 M), 32 %. (b) 
KOAc, [PdCl2(dppf)], dioxane, N2 atmosphere, reflux, 16 h, quantitative. (c) Na2CO3, 
[Pd(PPh3)4], THF/H2O (4:1, v/v), N2 atmosphere, reflux, 16 h, 88 %. (d) i) TFA, DCM, N2 
atmosphere, 1 hour, rt; ii) DDQ, rt, 16 h, 53% total yield; (e) bis(2-oxo-3-
oxazolidinyl)phosphonic chloride (BOP-Cl), triethylamine (Et3N), DCM, room temperature, 36h, 
30%.  
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3 RESULTS AND DISCUSSION  
 
3.1    SYNTHESIS OF ATROPISOMERS PORPHYRINS  
Dipyrromethane 3 was synthetized from the trifluoroacetic acid-promoted 
condensation reaction between pyrrole and formaldehyde (Figure 14). The reaction 
starts with protonation of the carbonyl group on formaldehyde by the acid, which 
subsequent undergoes a nucleophilic attack by the C2 carbon on the pyrrole moiety to 
produce an intermediate that releases the H as a proton to regenerate aromaticity. 
After a second protonation of the appended hydroxy group by the acidic catalyst or by 
proton transfer from the C2 carbon, followed by release of a water molecule, an 
arrangement takes place that produces an unsaturated intermediate that in turn 
undergoes a second nucleophilic attack by the C2 carbon on a pyrrole moiety to  yield 
the final intermediate that releases a proton to produce the target  dipyrromethene43.  
 
Figure 14. Proposed mechanism for the acid-promoted formation of dipyrromethane 3 
from pyrrole and formaldehyde. TFA= trifluoroacetic acid and PPT = prototropism.  
 
After usual workup and purification by column chromatography on silica, 
dipyrromethane 3 was isolated as grey crystals in 32% yield. The product was analyzed 
by 1H NMR (Figure 15) and ESI-MS (Figure 16). The dipyrromethane has a symmetry 
plane that pass through the non-aromatic carbon nucleus. Therefore, we observe three 
aromatic hydrogens from pyrroles (Hb, Hc, Hd), along with the most deshielded 
hydrogen in the N-H group at 7.78 ppm (Ha) and the key signal He, that appears in 
3.96 ppm as a singlet. ESI-MS analysis revealed the molecular ion peak expected at 
m/z 147.3 [M+H]+, along with a nearby peak at m/z 145.1 [M-H]+, which corresponded 
to a dipyrromethane species losing a proton due to induced aromatization during the 
ESI-MS ionization process. 
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Figure 15. 1H NMR spectrum of dipyrromethane 3 (600 MHz, CDCl3, 298 K).  
 
 
Figure 16. ESI-MS mass spectrum of compound 3 (positive mode, 1 mg ml-1, 
acetonitrile).  
 
In the next synthetic step, 4-hydroxyphenylboronic acid pinacol ester 1 was 
prepared from 4-bromophenol using the Miyaura borylation reaction. The mechanism 
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of this reaction (Figure 17) is similar to that of the Miyaura-Suzuki C-C coupling 
reaction. We have found that weak bases such as potassium acetate (KOAc) improved 
the reaction selectiveness and yields when compared to those obtained using stronger 
bases such as K2CO3 and K3PO4. The catalyst PdCl2(dppf) gave better yields than 
other catalysts proposed in the literature such as Ni(PPh3)4, Pt(PPh3)4 and 
RhCl(PPh3)3 due to the specific geometry of this palladium complex that permit extra 
stabilization of the intermediate formed after the initial oxidative addition of the phenyl 
halide to the Pd(0)catalyst40.  
 
 
 
 
Figure 17. General mechanism for the Miyaura borylation reaction. Highlighted on the 
right is the chemical structure of the [PdCl2(dppf)] complex used as catalyst.  
 
In our hands, this protocol yielded compound 1 as a white solid in 98 %. 1H 
NMR analysis (Figure 18) confirmed the structure of 1. However, ESI-MS spectrum 
(Figure 19) revealed several m/z peaks, suggesting oligomerization of 1 promoted by 
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formation of hydrogen bonds between the phenol and borane moieties on 1 upon 
ionization.  
 
Figure 18. 1H NMR spectrum of compound 1 (250 MHz, CDCl3, 298 K). * = ethyl 
acetate.  
 
Figure 19. ESI-MS mass spectrum of compound 1 (positive mode, 1 mg ml-1, 
acetonitrile). 
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Next, we prepared synthon 2 from 1 and commercially available 2-
bromobenzaldehyde, using the Pd(0)-promoted C–C cross coupling reaction 
developed by Miyaura and Suzuki in 197944. We used 
tetrakis(triphenylphosphine)palladium(0) as catalyst and have found that addition of 
extra triphenylphosphine to the reaction medium improved the yield. After usual 
workup followed by recrystallization, target compound 2 was isolated as yellow crystals 
in 88% yield. 1H NMR spectroscopy confirmed the structure of 2 (Figure 20). 
 
Figure 20. 1H NMR spectrum of compound 2 (600 MHz, CDCl3, 298 K). 
 
Atropisomers 4αβ and 4αα were prepared from dipyrromethane 3 and 
intermediate 2 following the classical Lindsey procedure45. The atropisomers were 
isolated as purple solids in a 53% total yield.  
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3.2   Structural Characterization of Atropisomers and Investigation of Their 
Secondary Interactions 
 
Before isolation of atropisomer 4αβ and 4αα, we noticed that the mixture of 
atropisomers had regular porphyrin solubility in common organic solvents. However, 
after separation of the atropisomers by regular column chromatography on silica, one 
of the atropisomers was unusually insoluble in many organic solvents at room 
temperature, whereas the other one had usual porphyrin solubility in the same solvents 
(Figure 21). 
  
Figure 21. Left: Mixture of atropisomers 4αβ and 4αα in dichloromethane; Right: 
after separation by column chromatography on silica, one of the atropisomer is 
insoluble, while the other still soluble in the same solvent. Conditions: [concentration] 
= 10 mmol L-1, room temperature.  
 
At this point of our investigation, we did not know which one of the two 
isolated compounds was 4αβ and 4αα. Our investigation began with solubility tests 
(Table 1). In those tests, we investigated solvents with different polarities and 
capacities to form hydrogen bonds that should encourage and/or discourage the 
porphyrin species to engage in intermolecular interactions and/or hydrogen bonds 
to form large insoluble aggregates. The tests were carried out at room temperature, as 
heating the sample could lead to atropisomer interconversions. Usually, porphyrins are 
not soluble in very low or very high polar solvents, such as aliphatic and alcoholic ones, 
respectively. This is explained by the strong stacking of the porphyrin species in 
such extreme polar environments. As expected, the tetraphenylporphyrin reference 
compound nor both atropisomers were soluble in those polarity regimes (hexanes, 
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methanol, water), suggesting that stacking was similar in both atropisomers and 
in the reference compound. Toluene solubilized the reference compound as the 
solvent molecules engage in stacking with the porphyrin aromatic system of the 
atropisomers, thereby yielding solvation. However, toluene did not solubilize either of 
the atropisomers; a finding that indicated the phenol groups in the atropisomers might 
actively engage in hydrogen bonds to help form insoluble large aggregates in toluene. 
Confirmation of this hypothesis came from the tests with solvents able to form 
hydrogen bonds with the appended phenol groups, especially DMSO; the only solvent 
tested able to completely solubilize the less soluble atropisomer. Those findings 
indicated that formation of hydrogen bonds between the appended phenol moieties 
were important in the solubility on both atropisomers. However, the usual good 
solvents for porphyrins (tetrahydrofuran, dichloromethane and chloroform) were not 
good ones for the less soluble atropisomer as it was for the more soluble analog, 
confirming that stacking interactions and formation of hydrogen bonds were 
distinct for the two atropisomers. 
 
Table 1. Solubility investigation of the atropisomers and the tetraphenylporphyrin 
reference compound using different solvents. 
Solvent Polarity 
Index 
H 
bond 
Soluble 
Atropisomer 
Less Soluble 
Atropisomer 
Tetraphenyl 
Porphyrin 
Hexane 0.1 No Insoluble Insoluble Poorly soluble 
Toluene 2.4 No Insoluble Insoluble Soluble 
Ethyl Ether 2.8 Yes Insoluble Insoluble Insoluble 
Dichloromethane 3.1 No Soluble Poorly soluble Soluble 
Tetrahydrofuran 4.0 Yes Soluble Poorly soluble Soluble 
Chloroform 4.1 No Soluble Poorly soluble Soluble 
Ethyl Acetate 4.4 Yes Poorly soluble Poorly soluble Soluble 
Acetone 5.1 Yes Poorly soluble Poorly soluble Poorly soluble 
Methanol 5.1 Yes Insoluble Insoluble Insoluble 
Acetonitrile 5.8 Yes Insoluble Insoluble Insoluble 
Dimethylsulfoxide 7.2 Yes Soluble Soluble Soluble 
Water 10.2 Yes Insoluble Insoluble Insoluble 
Conditions: 0.1 mol L-1, room temperature. 
 
To gather further information about the secondary interactions on formation 
of aggregates, we investigated both atropisomers in the solid state by MALDI-TOF 
mass spectrometry. The MALDI-TOF ionization process is known to be harsher than 
that used in other mass spectrometry techniques such as Fast-Atomic Bombardment 
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(FAB-MS) and Electron Spray Ionization (ESI-MS). Therefore, MALDI-TOF might lead 
to some fragmentation of chemical species during ionization, especially those held 
together by secondary interactions41. In our case, the eventual large aggregates that 
render one of the atropisomers insoluble in most organic solvents should be held 
together by relative strong H-bonds and interactions to survive in one piece the 
MALDI-TOF ionization process.  
We tested many conditions for the MALDI-TOF analyses, such as solvents, 
matrixes and laser power for the ionization. We used sonication to help solubilization 
in poor solvents for the atropisomers. However, some solvents were problematic 
because they didn’t solubilize the less soluble atropisomer, which reduced the solvent 
range we could investigate. From the solvents investigated (Table 2), dichloromethane 
was the best one. Both atropisomers were poorly soluble in ethyl ether, toluene and 
methanol; therefore we observed low intensity m/z signals in the mass spectra.  
Hexane and acetonitrile were very poor solvents, leading to very low intensity of the 
m/z signals in the MALDI-TOF mass spectrum of both atropisomers. 
 
Table 2. MALDI-TOF mass analysis of atropisomers soluble and insoluble. Sample 
conditions: 1.10 mg mL-1, used 2L. MALDI-TOF conditions: DPB matrix, power laser 
60%.  
Solvent Used Polarity Index Intensity of monomer (a.u.) – 103 
Isomer soluble Isomer less 
insoluble 
Hexane 0.1 112.5 33.5 
Toluene 2.4 403.8 417.0 
Ethyl Ether 2.8 417.4 353.1 
Dichloromethane 3.1 448.7 994.8 
Ethyl Acetate 4.4 415.8 444.6 
Acetone 5.1 292.0 76.5 
Methanol 5.1 468.4 320.2 
Acetonitrile 5.8 201.3 228.7 
 
We have tested three different matrixes (Figure 22) using dichloromethane 
as solvent: trans,trans-1,4-Diphenyl-1,3-butadiene (DPB) 2,5-Dihydroxybenzoic acid 
(DHB) and -cyano-4-hydroxycinnamic acid (CCA or -CCA). The best matrix was 
DPB as it yielded higher intensity m/z signals. DPB is known to have a different 
ionization mechanism (charge transfer) than those for DHB and CCA (proton transfer).   
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Figure 22. Matrixes used in the MALDI-TOF mass spectrometry analysis. 
 
With solvent (dichloromethane) and matrix (DPB) chosen, we investigated 
laser power ionization (Table 3). Up to 60% laser power, higher intensity m/z signals 
were observed. Therefore, the optimized conditions established from our investigation 
was dichloromethane, DPB and 60% laser power.  
   
Table 3. MALDI-TOF mass intensity of species with variation of power ionization. 
Conditions: 1.10 mg mL-1 in dichloromethane of less soluble atropisomer. MALDI-TOF: 
DPB matrix. PI = power ionization.  
PI (%) Monomer (100%) Dimer (%) Trimer (%) Tetramer (%) 
20 15 k 1.0 - - 
30 105 k 1.2 - - 
40 449 k 4.0 - - 
50 478 k 8.5 0.9 - 
60 995 k 26.4 4.6 0.6 
80 419 k 12.7 2.8 - 
90 495 k 19.6 2.7 - 
100 434 k 9.8 1.5 - 
 
Under the optimized conditions, the less soluble atropisomer yielded a mass 
spectrum (Figure 23) with m/z signals corresponding to large aggregates composed of 
up to four porphyrin subunits (m/z found 2581.8 [M – 4H]+, calculated for 
C176H120N16O8), along with the trimer (m/z found 1937.4 [M – H]+, calculated for 
C1132H90N12O6), the dimer (m/z found 1292.4 [2M]+, calculated for C88H60N8O4) and the 
monomer (m/z found 646.3 [M]+, calculated for C44H30N4O2). Conversely, the MALDI-
TOF spectrum of the soluble atropisomer, afforded under the exact same conditions 
only m/z signals assigned to the dimer and monomer species. Those findings revealed 
that the less soluble atropisomer form large aggregates in the solid state that were held 
together by stronger secondary interactions than those that kept together the smaller 
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aggregates formed from the soluble atropisomer upon co-crystallization with the matrix 
on the MALDI-TOF target.  
 
  
Figure 23. MALDI-TOF mass spectrum of less soluble (left) and soluble (right) 
atropisomers. 
 
Interestingly, the m/z peaks detected for the trimer and tetramer (Figure 24) 
formed from the less soluble atropisomer corresponded to species that have lost one 
and four protons, respectively. This is explained by the peculiarity of the MALDI-TOF 
ionization process with DPB matrix. In this ionization mechanism, the DPB matrix 
molecules are firstly photo-excited by the MALDI-TOF laser. The DBP molecules in the 
excited state oxidize the porphyrin core in the atropisomer through electron transfer 
reactions that ultimately yield a porphyrin radical cation with the remaining unpaired 
electron mostly localized over the porphyrin core. However, it is known that some of 
the radical spin density might end up over the phenol moieties in porphyrin radical 
cations functionalized with phenol groups. Phenol radicals have very low pKa values 
(~ –2.0) and easily lose its phenolic proton once the phenoxyl radical is formed46. 
Accordingly, the radical cation produced during the MALDI-TOF ionization process of 
the less soluble atropisomer should have some spin density delocalized over the 
phenol moieties, which should transfer their acidic proton to other species, probably to 
the matrix itself or to residual solvent molecules upon ionization. This explains the 
lower m/z observed for the trimer and tetramer species. That finding suggested that 
the atropisomers in the trimer and tetramer were in very close contact with each other, 
as delocalization of spin density occurs only within very short distances46.    
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Figure 24. MALDI-TOF mass spectrum of less soluble. Conditions: 1.10 mg mL-1 in 
dichloromethane. MALDI-TOF conditions: DPB matrix, 60 % PI.  
 
At this point of our investigation, we needed to find out which one of the 
isolated compounds was 4αβ and 4αα to explore why their structural parameters could 
lead to such distinct magnitude in secondary interactions. Our first attempt was 
characterization of both atropisomers by 1H NMR spectroscopy (Figure 25). As DMSO 
was the only good solvent for the less soluble atropisomer, we performed the 
experiments on that solvent at 298 K for both. 1H NMR spectra of both atropisomers 
were virtually identical, showing the expected signals for the proposed structures. The 
two meso-protons resonated as a singlet at 10.41 ppm, while the eight pyrrolic nuclei 
appeared as two doublets at 9.48 and 8.89 ppm with the typical scalar coupling 
constant for pyrrolic moieties (J = 4.30 Hz) due to the asymmetrical functionalization 
of the meso-positions. The two inner N-H protons, strongly shielded by the well-known 
ring current effect caused by the -system of the porphyrin moiety, coalesced in the 
high-field region of the spectrum at about  ̶  3.40 ppm. The porphyrin ring current also 
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affected the resonance of the aromatic protons on the phenolic moieties, which 
resonated as doublets (J = 8.0 Hz) in the unusual high-field region for aromatic 
moieties at about 5.80 and 6.80 ppm of the spectrum, suggesting that those phenyl 
rings were positioned close to the porphyrin -system in both atropisomers. Another 
interesting feature in the spectrum was that the phenolic proton resonance appeared 
as a singlet at 8.71 ppm, deshielded from the usual 5-6 ppm region expected for 
phenolic protons in non-hydrogen bonding solvents. This shift is caused by formation 
of hydrogen bonds between the phenolic protons on the atropisomers and DMSO 
solvent molecules, confirming the hypothesis that DMSO is a good solvent for the less 
soluble atropisomer because it was able to disrupt the intermolecular hydrogen bonds 
that held together the insoluble aggregates. Therefore, 1H NMR analysis basically 
revealed that both atropisomers don’t show differences in spectrum in DMSO solution 
at 298 K. Unfortunately, 1H NMR spectroscopy in DMSO could not distinguish the 
configuration of the atropisomers. Likewise, ion-mobility mass spectrometry, UV-Vis, 
steady-state and time-resolved fluorescence spectroscopies, as they provided 
identical data for the atropisomers. 
 
 
Figure 25. 1H NMR spectrum of the less soluble (blue) and soluble (red) atropisomers. 
DMSO-d6, 500 MHz, 298K. * = residual chloroform; ** residual water in the deuterated 
solvent; *** residual DMSO. 
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If hydrogen bonds play a significant role in formation of insoluble large 
aggregates in one atropisomer, why it is not operative with such a magnitude on the 
other one? Furthermore, if hydrogen bonds are formed, what chemical group could 
accept the phenolic hydrogen proton in the atropisomer structure? That last question 
was investigated in the next step of our research. Theoretically, the nitrogen atoms in 
the porphyrin core could be good candidates. However, literature shows that pyrrolic 
nitrogens are relatively weak Lewis bases in porphyrins (pKa for the conjugated acid 
ranging from -0.9 to 6.1)47 as their lone pairs are delocalized over the porphyrin 
aromatic system. Despite that, we designed a test to verify whether the pyrrolic 
nitrogen groups could be H-acceptors in the formation of the aggregates. We 
introduced Zn2+ ions into the porphyrin core of the less soluble atropisomer in order to 
render the inner nitrogen lone pairs unavailable to form H-bonds. We proceeded with 
UV/Vis analysis (Figure 26), which showed the classical electronic absorptions for 
transformation of free-base porphyrins into Zn(II)porphyrinates and confirmed the 
success of the metalation reaction48. Namely, the bathochromic shift of max = 2 nm 
for the Soret band (from max = 411nm in the free base to max = 413 nm in the 
porphyrinate) along with the appearance of two Q-bands at max = 542 nm and 575 nm 
in the porphyrinate instead of the four ones in the free base analog.  
 
Figure 26. UV/Vis spectrum (dichloromethane) of metalloporphyrin (red line) and 
insoluble atropisomer (black line). [free-base] = 2.50 x 10-7 mM; [Zn(II)porphyriante] = 
2.80 x 10-7 mM. 
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To our surprise, the resulting Zn(II)porphyrinate had identical solubility as 
that of the free-base soluble atropisomer and the tetraphenylporphyrin reference 
compound. In other words, coordination of Zn(II) ions to the porphyrin core rendered 
the problematic atropisomer soluble in all porphyrin good solvents. 1H NMR spectrum 
of the Zn(II)porphyrinate afforded from the less soluble atropisomer in chloroform-d 
revealed no formation of aggregates, but the expected resonances for the monomeric 
form (Figure 27). Therefore, we concluded that pyrrolic nitrogen atoms should play a 
role in the formation of the H-bonds in the free-base atropisomer aggregates.  
 
Figure 27. 1H NMR spectrum of the Zn(II)porphyrinate afforded from the less soluble 
atropisomer (CDCl3, 500 MHz, 298K).  
 
In order to improve the solubility of the problematic atropisomer in solvents 
that would not hamper formation of H-bonds among the porphyrins in solution, we 
decided to synthesize two similar atropisomers decorated with long aliphatic chains 
connected to the two remaining meso-positions of the porphyrin core (Scheme 3). The 
two new atropisomers were synthesized following standard procedures23,24,25,49. 
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Scheme 3- Synthetic strategy to prepare the new atropisomers.    
       
Syntheses: (a) i) TFA, room temperature, N2 atmosphere, 5 min; ii) NaOH (0.3 M), 26%. (b) i) 
TFA, DCM, N2 atmosphere, 1 hour, rt; ii) DDQ, rt, 16 h, 35% total yield.  
 
As expected, both new atropisomers were soluble in organic solvents such 
as toluene, dichloromethane, chloroform, ethyl acetate, acetone, acetonitrile, methanol 
and dimethylsulfoxide. A close inspection on their 1H NMR spectra in CDCl3 revealed 
some important differences between the two atropisomers. Both atropisomers had the 
resonance signals expected for the monomeric species. Conversely, one of them 
(Figure 28, bottom) showed duplicate signals for the protons on the aromatic phenyl 
and phenol rings, suggesting formation of another species in solution. Those 
duplicated resonances were shielded relative to the signals expected for the 
monomeric species. Accordingly, the shielded signals corresponded to a species in 
which the appended phenyl and phenol moieties were engaged in interactions, as 
the ring-current caused by close aromatic moieties should shift the resonances 
upfield50,51,52. Furthermore, two extra singlets appeared at 8.55 and 9.48 ppm in the 
spectrum of the atropisomer with duplicate signals (Figure 28, bottom) that were not 
present on the spectrum of the other atropisomer (Figure 28, top). We added a few 
drops of MeOD to the sample in CDCl3 solution and the two extra singlets disappeared 
in the spectrum at 298K. This was strong evidence that those extra singlets were due 
to phenolic proton resonances as phenolic protons easily undergo hydrogen-deuterium 
exchange reactions with MeOD49. Phenolic resonances usually appear at 5-6 ppm 
region of the 1H NMR spectrum, therefore phenolic resonances in such shielded region 
of the spectrum strongly suggested that they were engaged in H-bonds in CDCl349.  
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Figure 28. Aromatic region of the 1H NMR spectrum of the atropisomers 7αα and 7αβ 
(CDCl3, 500 MHz, 298K).  
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At 298 K, the duplicate resonances and the two extra singlets had small 
intensities relative to the more intense signals afforded from the monomeric species. 
We ran low temperature 1H NMR experiments (Figure 29) as a decrease in 
temperature should improve the and eventual H-bond interactions and should 
favor formation of the second species in detriment of the monomeric one. The NMR 
sample in CDCl3 were kept at 273 K for different periods of time prior to the NMR 
analysis to investigate the kinetics of the aggregation process. As it can be seen in 
Figure 29, the intensity of the duplicate aromatic signals as well as those of the two 
extra singlets increased as time elapsed at 273 K. After 108 h, no further changes were 
observed in the spectrum, indicating that the conversion process of the monomeric 
species to the second one had reached equilibrium under the conditions studied. No 
duplicated and/or extra signals were observed in the 1H NMR spectrum afforded from 
the other atropisomer under the exact same conditions, suggesting that it remained as 
monomeric specie under the conditions investigated. 
 
 
Figure 29. 1H NMR (CDCl3, 250 MHz, 25 ºC) expansion of the atropisomer that 
showed aggregation. Experiment 1 – 0 hour at 273 K; exp. 2 – 12 h at 273 K; exp. 3 – 
36h at 273 K; exp. 4 – 84h at 273 K; exp. 5 – 108h at 273 K.  
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We also investigated atropisomers 7 and 7 in CCl4 solutions at room 
temperature by FTIR (Figure 30) looking for evidence or formation of hydrogen bonds. 
According to literature53, the vibrational stretching band for the O–H bond in pristine 
phenol is observed as a single broad band at  = 3612 cm-1 in CCl4 solution at room 
temperature. Comparing the FTIR vibrational spectra afforded from both atropisomers 
in this wavenumber region, one can clearly observe two bands for the vibrational 
stretching of the O–H bond; one at  = 3688 cm-1 and the other at  = 3598 cm-1. 
According to theory30,31, observation of redshifts in the vibrational stretching bands of 
the O–H bond confirms the presence of H-bonds as formation of such interactions 
leads to elongation of the O–H bond. Therefore, the presence of two distinct vibrational 
stretching bands for the O–H bond was clear evidence that both 7 and 
7atropisomers are engaged in H-bonding under the conditions investigated.  
Dilution of the samples revealed similar bands with expected lower 
transmittances. However, careful analysis of the FTIR spectra of both atropisomers 
suggested that the band at  = 3688 cm-1 is insensitive to concentration, while the other 
one appeared with a smaller redshift at  = 3606 cm-1 instead of that at  = 3598 cm-1 
observed for the concentrate samples. This smaller redshift indicated weakening of the 
H-bonds upon dilution. As the H-bonds in the atropisomers are intermolecular, those 
findings suggested that the stretching band at  = 3688 cm-1 corresponded to vibrations 
of phenolic groups not involved in H-bonds, while the one at lower frequencies could 
be assigned to the vibrational stretching of phenolic groups engaged in H-bonding. 
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Figure 30. FTIR spectrum of the porphyrin atropisomers 7 and 7 in the region of 
the vibrational stretching frequency of the O–H bonds Conditions: CCl4, room 
temperature, 128 scans.  
   
We also monitored the vibrational stretching frequencies of the N–H in the 
pyrrolic core of the porphyrin atropisomers (Figure 31). If the nitrogen atoms in the 
pyrrolic core of the porphyrin moiety was the H-acceptor in the formation of H-bonds 
with the phenol H-donors, the N–H nuclei could also participate in the interaction by 
donating its proton to the phenolic oxygen atom.  However, the band for this stretching 
for both atropisomers was at  = 3321 cm-1, within the range of 3300 cm-1 to 3400 cm-
1 expected for the stretching vibrations for N–H bonds in porphyrins not engaged in H-
bonding54. Therefore, FTIR analyses suggested that the pyrrolic N–H groups in 7 
and 7 were not involved in H-bonds. 
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Figure 31. FTIR spectrum of the porphyrin atropisomers 7 and 7 in the region of 
the vibrational stretching frequency of the N–H bonds Conditions: CCl4, room 
temperature, 128 scans.  
 
Identification of the configuration of the atropisomers was possible by 
Single-Crystal X-Ray Diffraction Spectroscopy (SC-XRD). We tested several solvent 
combinations to find the best one to grow single crystals without interfering with the 
and H-bonds interactions. Unfortunately, all attempts using solvent combinations 
composed of dichloromethane, chloroform, alkanes and toluene failed to produce 
single crystals of 4, 4, 7 and 7. However, slow evaporation of a 
dichloromethane/DMSO solution of the atropisomers 4 and 4 yielded suitable 
single crystals for X-ray analysis. The crystal structure revealed that the less soluble 
compound was the atropisomer 4, whereas the soluble one was 4 (Figure 32). 
As expected, the crystal structures of both atropisomers showed formation 
of hydrogen bonds between DMSO residual solvent molecules and the porphyrin 
phenolic groups. For 4, one phenolic group was engaged in H-bond with one DMSO 
solvent molecule with a O–H•••DMSO distance of 1.80 Å, while the 4 interacted with 
a DMSO species assisted by a water molecule with O–H•••OH2•••DMSO distances of 
1.81 Å and 1.94 Å, respectively. Those secondary interactions with residual solvent 
molecules precluded our analysis about the effects of H-bonds on the formation and 
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stabilization of the aggregates. The phenyl and phenol moieties were oriented to each 
other with a 47.5° and 45.0° dihedral angles on 4 and 4, respectively. This small 
dihedral angle suggested that the phenyl and phenol groups in 4 were engaged in 
stronger - interactions than those in 4.  
 
 
Figure 32. X-Ray crystal structure of the insoluble atropisomer 4 (left) and the 
soluble 4 (right). The X-Ray crystal structures showing dihedral angles (bottom) had 
their hydrogen atoms omitted for clarity purposes.  
 
Those small structural differences between the aromatic systems of the two 
atropisomers reflected their distinct interactions. As one can see in the unit cell of 
4 (Figure 33, top-left), interactions occurred between the porphyrin core and the 
phenyl and phenol appended groups as well as between the porphyrin cores of 
neighboring molecules within the unity cell (Figure 33, bottom-left). On the other hand, 
the 4 crystal structure revealed that there were no attractive interactions 
between the phenyl and phenol appended groups with the porphyrin core, but only 
between the porphyrin moieties themselves as well as between the phenyl and phenol 
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appended groups with themselves (Figure 33, top-right and bottom-right). The 
interactions between the porphyrin core and the phenyl and phenol appended 
groups allowed for a much more efficient packing of the molecules in the unit cell of 
4 if compared to that one of 4 (see distances measured between the stacked 
molecules in both unity cells in Figure 33 caption).  
 
 
 
Figure 33. X-Ray crystal unit cell for both atropisomers:  (top-left) and  (top-
right). Intermolecular distances for  (bottom-left), a = 3.75 Å; b = 3.84 Å; c = 5.41 
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Å; d = 4.10 Å. 4 (bottom-right), e = 4.73 Å; f = 5.42 Å; g = 4.73 Å; h = 4.16 Å; i = 
4.48 Å. Hydrogen atoms were omitted in the crystal structures for clarity purposes. 
 
In 4, the phenyl and phenol rings stacked with the porphyrin core in a 
roughly edge-to-face configuration, while the porphyrin cores interacted with 
themselves in an offset geometry. In 4, the porphyrin core and the appended 
aromatic moieties stacked in a roughly edge-to-face configuration. According to the 
electrostatic model proposed for the dimerization of benzene motifs (Figure 13), T-
shape, edge-to-face and offset configurations enjoy favorable electrostatic interactions 
due to the positive poles at the periphery of one ring interacting with the negative poles 
at the center of the other ring. Therefore, the  interactions observed in the crystal 
structures of both atropisomers was in agreement with the electrostatic model 
proposed for - interactions by Sanders and coworkers.  
 
3.3   Investigation of the Coordination Properties of the Atropisomers and of 
the Catalytic Properties of the Resulting Porphyrinates 
 
 Identification of the atropisomers opened up the possibility to investigate 
their chemical properties. We were interested in preparing Co(II)porphyrinates from 
the atropisomers to investigate their catalytic properties in promoting cyclopropanation 
reactions between diazo and terminal olefin derivatives. This cyclopropanation reaction 
is a crucial step in our active metal template strategy towards polyrotaxanes (Scheme 
1) and has been under intense investigation in our group. We have prepared eight 
different Co(II)porphyrinates (Figure 34) from metalation of atropisomers 44, 
7 and 7 with Co(II) ions, and investigated the catalytic performance of the 
resulting porphyrinates on the model cyclopropanation reaction between commercially 
available ethyldiazoacetate (EDA) and styrene (Scheme 4).  
The cyclopropanation reaction usually yields four diastereoisomers: two 
cis diastereoisomers (1S,2R and 1R,2S) and two trans diastereoisomers (1R,2R and 
1S,2S). Although quantitative analyses of the product distribution could be achieved 
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using HPLC techniques, we just inferred about the cis/trans ratio of the isolated 
products by 1H NMR spectroscopy.  
 
 
Figure 34. Structures of the eight Co(II)porphyrinate atropisomer investigated in the 
present work.  
 
Scheme 4. Cyclopropanation model reaction between styrene and ethyldiazoacetate 
derivatives.  
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Table 4. Data afforded from the investigation of the catalytic properties of the 
Co(II)porphyrinates obtained from metalation reactions between atropisomers 
44, 7 and 7 with Co(II) ions on cyclopropanation reactions between 
diazoacetate and styrene.a  
Entry [Co(por)] Solvent Yield (%) cis/trans ratio 
1b 8 Dichloromethane - - 
2b 8 Dichloromethane - - 
3b 8 Toluene - - 
4b 8 Toluene - - 
5b 9 Dichloromethane - - 
6b 9 Dichloromethane - - 
7b 10 Dichloromethane - - 
8b 10 Dichloromethane 80 81:19 
9b 10 Toluene - - 
10b 10 Toluene 91 88:12 
13c 11 Toluene 72 70:30 
14b 11 Toluene 99 87:13 
a 1.0 equiv. of styrene, 1.2 equiv. of EDA with a styrene concentration of 0.2 M and 0.1 equiv. (10% mol) 
of catalyst. 
b Carried out at room temperature for 48h. 
c Carried out at room temperature for 48h plus 60ºC for 48h.   
 
 
It should be noted that upon coordination to Co(II) ions, all atropisomers 
were soluble in common organic solvents. Therefore, catalytic inactive could not be 
attributed to solubility issues. From the data on Table 4, we could conclude that all 
Co(II)porphyrinates bearing phenol moieties failed to promote the cyclopropanation 
reaction. The accepted mechanism for the cyclopropanation reaction (Scheme 5) 
establishes that coordination of the diazo compound to the Co(II)porphyrinate yields a 
Co(III)-stabilized carbon-centered radical carbene species upon releasing of a N2 
molecule (radical activation step). This metallocabene radical species readily adds to 
the olefin moiety to produce a carbon radical species (radical addition step), which 
quickly cyclizes into a cyclopropane moiety to yield the target product and regenerate 
the active Co(II)porphyrinate catalyst (radical cyclization step). As phenol groups are 
well-known to actively participate in radical reactions, it was not surprising that 
88, 9 and 9 did not promote cyclopropanation reactions. Probably, the 
phenol groups on the catalysts reacted with the radical intermediates produced during 
61 
the catalytic cycle to yield byproducts, thereby preventing the cyclopropanation 
reactions to take place. 
 
Scheme 5. Accepted mechanism for metallo-radical cyclopropanation reactions 
between diazo and olefin derivatives promote by Co(II)porphyrinates.  
 
 
To check this hypothesis, the phenol groups on the catalysts were 
esterified with acetic acid. Under the same cyclopropanation conditions, we observed 
that the esterified 10atropisomer was active, affording 80% and 91% yields for the 
cyclopropane products in DCM and toluene, respectively, with a cis/trans ratio of about 
80:20. However, esterified 10atropisomer was inactive in both solvents under the 
same conditions. This interesting finding suggested that both axial positions on the 
Co(II)porphyrinate moiety in 10 were sterically crowded by the appended ester and 
phenyl motifs, whereas one of the axial positions was uncovered in 10and 
promoted the cyclopropanation reaction. Therefore, coordination of the diazo 
derivative to the Co(II) ions in 10did not take place to start the catalytic cycle and 
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no reaction was observed using this atropisomer as catalyst. Furthermore, the catalytic 
inactivity observed for the Co(II)porphyrinates in 889and 9 was definitely 
due to the phenol functionalities on the catalysts. 
Using esterified catalysts 11and 11temperature effects were 
investigated. At 60oC in toluene, catalyst 11gave quantitative yield for the 
cyclopropanation reaction with a cis/trans ratio of 87:13. This performance was virtually 
identical to those observed for the best Co(II)porphyrinates used as catalysts for this 
chemical transformation. Accordingly, catalyst 11had similar catalytic activity to 
usual porphyrinates reported in the literature55,56,57. Interestingly, catalyst 11 also 
showed catalytic activity at 60oC, giving the cyclopropane product in respectable 70% 
yield, although with lower cis/trans stereoselectivity (70:30). However, investigation of 
the reaction solution by thin layer chromatography (TLC) revealed that some of the 
atropisomer 11 interconverted into the analogous 11 at 60oC. Congruently, we 
concluded that at 60oC thermal interconversion of 11 to 11 occurred during the 
experiment and the catalytic activity observed was actually coming from the latter and 
not from the former.  
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4 Conclusions   
 
A new family porphyrin atropisomers bearing phenol functionalities have 
been synthesized and fully characterized. The present investigation revealed that 
atropisomers with -configuration stacked with much more efficiency than that with 
the  analog in the solid state. This efficient stacking was driven by interactions 
between the peripheral phenyl and phenol moieties with the porphyrin core, which was 
present only in the  atropisomer. In solution, such interaction is also present and 
drives partial formation of larger species as revealed by NMR analysis. Formation of 
H-bonds also seems to play an important role in the aggregation processes of the 
atropisomers. Based on indirect evidences afforded from the 1H NMR and FTIR 
investigation, it is suggested that the phenolic moieties are engaged in H-bonds in the 
aggregates of the atropisomers in solution. However, direct evidence for such 
interaction is lacking at this moment. In the solid state, formation of H-bonds could not 
be investigated as we were only able to grow single crystals suitable for X-ray analysis 
in DMSO medium, a solvent that prevents formation of intermolecular H-bonds among 
the atropisomers.  
Configuration of the atropisomers also influences their catalytic activity in 
cyclopropanation reactions. Configuration is inactive due to steric hindrance, 
whereas the  showed excellent catalytic performance. Phenolic functionalities are 
not compatible with the cyclopropanation reactions. Side-reactions with the radical 
intermediates generated during the catalytic cycle are probably the cause of such 
incompatibility.  
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5 Future Steps 
Attempts to grow single crystals suitable for X-Ray diffraction using aprotic 
and non-hydrogen bonding solvents, as toluene, benzene and hexane should be 
carried out in order to investigate formation of H-bonds in the solid state. If successful, 
such investigation should provide evidence for the role of the nitrogen pyrrolic protons 
as H-acceptors. Further studies using cyclic voltammetry and fluorescence 
spectroscopy on the atropisomers in solution might contribute for the understanding of 
the formation of H-bonds. In cyclic voltammetry, if the oxidation process of the phenol 
moieties on the electrode is reversible or pseudo-reversible, one could infer that they 
are engaged in H-bonding because oxidation of phenol moieties is usually an 
irreversible process due to loss of the phenolic hydrogen to the medium. If the phenol 
group is engaged in H-bonding, the phenolic proton is transferred to the nearby H-
acceptor upon oxidation. Upon reduction, the proton is transferred back to the phenol 
motif and the process becomes reversible. Fluorescence spectroscopic studies should 
bring further information about the atropisomers - interactions in solution. Formation 
of - interactions in solution is known to quench the strong porphyrin fluorescence 
emission. For the catalytic studies, investigation of the crude product by HPLC should 
bring information about the enantioselectivity of the atropisomeric catalysts.  
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6 Experimental Section   
 
Materials and General Procedures  
Unless specified, NMR spectra were obtained at Bruker Avance DPX, 250 
MHz, 5,7 T spectrometer using CDCl3 or DMSO-d6 as deuterated solvent as the lock. 
The spectra were collected at 25 ºC and chemical shifts ( ppm) from solvent trace 
was used as internal standard. J values are given in Hz. Mass spectra were obtained 
at ESI-Q from Waters Quattro MicroApi mass spectrometer and MALDI-TOF from 
Buker Microflex LT. This instrument was operated an acceleration potential between 2 
and 9 kV and ion source from 1 to 10 kV, laser at 60 MHz, laser potential 15-25 %, 
range of 500-2500 m/z. The mass scale was calibrated using the Peptide Calibration 
Standar I purchase from Buker and the matrix utilized from Aldrich was trans-1,4-
Diphenyl-1,3butadiene as matrix purchase from Aldrich. Infrared spectra were 
recorded on a Shimadzu FT-IR Prestige-21 spectrometer using samples with a two 
concentration of 0.001 and 0.02 mol L-1 and a NaCl cell with an optical path of 0.5 mm. 
The spectra were acquired with 128 scans and resolution of 1 cm-1.The equipment was 
purged with dry nitrogen gas. SC-XRD analysis were obtained at Bruker Kappa Appex 
II DUO with copper source or Huber 92784 with synchrotron light as source from 
Brazilian Synchrotron Light Laboratory (LNLS).  All chemicals were purchased from 
Sigma-Aldrich and used without further purification. All synthesis were carried out 
using Schlenk line techniques and followed by TLC. TLC was performed using 
precoated glass plates (Silica gel 60, 0.20 mm thickness) and F-254 nm as fluorescent 
indicator. Spots were visualized using 254 nm UV lamp. Column chromatography was 
carried out using Fluka Silica Gel 60 (230-400 mesh particle size).  
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Synthesis of 4-hydroxyphenilboronic acid pinacol ester 1 
 
 
In a 100 mL Schlenk flask were added 4-bromphenol (0.52 g; 3.0 mmol) and dioxane 
(15 mL) and the solution was degassed for 20 minutes. Under N2 atmosphere was 
added potassium acetate (1.48 g; 15.0 mmol), bis (pinacolato)diboran (0.92 g; 3.6 
mmol; 1.2 eq.) and Pd(dppf)Cl2 (0.12 g; 0.15 mmol; 5 mol). The reaction stirred at 100 
ºC for 16 h. The dioxane was concentrated under reduced pressure. Crude was diluted 
with dichloromethane and the organic phase was washed three times with distilled H2O 
(3 x 200 mL), the organic phase was separated, dried over NaSO4, filtered through 
paper and concentrated to afford a dark yellow solid. Final purification by 
chromatography column (Si2O), using ethyl acetate and hexane (1:4) as eluent, yield 
649 mg (98%) of a white compound. R.F. (hexane: ethyl acetate, 4:1) = 0.62. 1H-NMR 
(250 MHz, CDCl3), ppm): 7.69 (d, 2H, 8.60 Hz); 6.84 (d, 2H, 8.60 Hz), 6.68 (s, 1 H); 
1.33 (s, 12H). ESI-MS: calculated for C12H17BO3 m/z 220.1, found m/z 239.4 [M+H20]+.  
 
Synthesis of 2-(4-phenol)benzaldehyde 2  
 
 
In a 100 mL Schlenk flask were added compound 1 (0.97 g; 4.4 mmol) and THF (30 
mL) until solubilization. Then was added a solution of Na2CO3 (2.4 g in 10 mL of 
distilled water) at reaction. Under N2 atmosphere was added benzaldehyde (0.50 g; 
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2.7 mmol) and [Pd(PPh3)4] (0.24 g; 0.21 mmol; 8 mol %). The reaction stirred at 80 ºC 
for 17 h. The solvents were concentrated under reduced pressure. Crude was diluted 
with ethyl acetate (400 mL) and the organic phase was washed three times with 
distilled H2O (3 x 200 mL), the organic phase was separated, dried over NaSO4, filtered 
through paper and concentrated to afford a dark yellow solid. Final purification by 
chromatography column (Si2O), using ethyl acetate and hexane (1:4) as eluent, yield 
470 mg (88%) of a yellow compound. R.F. (hexane: ethyl acetate, 4:1) = 0.32. 1H-NMR 
(600 MHz, CDCl3), ppm): 9.99 (s, 1H); 8.02 (dd, 2 H J = 1.0 and 8.2 Hz), 7.63 (td, 1 
H, J = 7.5 Hz); 7.47 (t, 1H, J = 7.40 Hz); 7.44 (d, 1 H, J = 7.80 Hz), 7.24 (d, 2 H, J = 
8.50 Hz) and 6.97 (d, 2H, J = 8.50 Hz). ESI-MS: calculated for C13H10O2 m/z 198.1, 
found m/z 199.1 [M+H]+.  
 
Synthesis of dipyrromethane 3 
 
 
 
Comercial paraformaldehyde (1.79 g; 60 mmol) was dissolved in 100 mL of distilled 
pyrrole (97 g, 1.45 mmol) under N2 atmosphere, the solution was stirred for 10 minutes 
at 55 ºC. Added 450 L of trifluoroacetic acid (0.67 g; 5.84 mmol) by a syringe and the 
resulting mixture was stirred for 5 minutes at r.t. To neutralize the TFA (trifuloroacetic 
acid) and quench reaction, was added 15 mL of NaOH 0.1 mol L-1, the organic phase 
was separated and washed with distilled water (2 x 50 mL), dried over NaSO4, filtered 
through paper and concentrated with rotevaporated under reduce pressure. The green 
oil was distilled to eliminate pyrrole. Final purification with chromatography (SiO2) using 
hexane/ethyl acetate (8:2, v/v) as eluent to afford a gray solid 3 (2.95 g, 32%). R.F. 
(hexane: dichloromethane, 1:1) = 0.32. 1H-NMR (600 MHz, CDCl3), ppm): 7.71 (s, 
2H); 6.63 (d, 2.5 Hz), 6.18 (dd, 2 H, J = 2.5 Hz and 2.5 Hz); 6.06 (s, 2H); 3.95 (s, 2H). 
ESI-MS: calculated for C9H10N2 m/z 146.1, found m/z 147.1 [M+H]+.  
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Synthesis of meso-free porphyrins 4and 4

Under N2 atmosphere, dipyrromethane (0.28 g; 1.94 mmol) and 2-(4-
phenol)benzaldehyde (0.38 g; 1.94 mmol) were dissolved in 240 mL of distilled 
dichloromethane, then the solution was degassed for 20 minutes. After addition of TFA 
(0.1 mL; 0.15 g; 1.30 mmol), the solution stirred at r.t. for 1h. DDQ (2,3-dichrolo-5,6-
dicyanobenzoquinone) (0.48 g; 2.11 mmol) was added and the reaction maintained 
stirring more 16h at r.t. Under reduce pressure at rotavap was reduced the solvent 
followed by a flash chromatography using ethyl acetate and hexane (1:4) to eliminated 
polymeric materials. Final purification by chromatography column (Si2O), using 
dichloromethane and acetone (99:1 – 94:6) as eluent, yield 215 mg (34%) of 
atropisomer   and 120 mg (19%) of atropisomer .  
Atropisomer : R.F. (dcm: acetone, 7:3) = 0.70. 1H-NMR (500 MHz, DMSO-d6), 
ppm): 10.41 (s, 2H); 9.47 (d, 4.4 Hz, 4H), 8.89 (d, 4.4 Hz, 4H); 8.69 (s, 2H); 8.08 (d, 
7.7 Hz, 2H), 7.93 (t, 2H, 7.70 Hz); 7.83 (d, 2H, 7.90 Hz), 7.76 (t, 2H, 7.40 Hz), 6.76 (d, 
4H, 9 Hz), 5.80 (d, 4H, 9Hz); -3.39 (s, 2H). MALDI-TOF: calculated m/z for C44H30N4O2 
646.0; found m/z 646.2 [M]+.  
Atropisomer : R.F. (dcm: acetone, 7:3) = 0.5. 1H-NMR (500 MHz, DMSO-d6), 
ppm):  10.41 (s, 2H); 9.48 (d, 4.4 Hz, 4H), 8.90 (d, 4.4 Hz, 4H); 8.69 (s, 2H); 8.10 (d, 
7.7 Hz, 2H), 7.93 (t, 2H, 7.70 Hz); 7.84 (d, 2H, 7.90 Hz), 7.75 (t, 2H, 7.40 Hz), 6.79 (d, 
4H, 9 Hz), 5.86 (d, 4H, 9Hz); -3.36 (s, 2H). MALDI-TOF: calculated m/z for C44H30N4O2 
646.0; found m/z 647.2 [M+H]+. 
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Synthesis of -meso-free-Zn(II)porphyrinate (4Zn)  
 
A solution of -porphyrin 4 (0.20 g; 0.31 mmol) in dichloromethane (30 mL) was 
added in a round-bottom flask with a stir bar. A solution of zinc acetate dehydrate (0.48 
g: 1.86 mmol) in methanol (35 mL) was added in flask. The reaction stirred at reflux 
(65 ºC) for 2 hours. The solvent was evaporated under reduce pressure, diluted with 
dichloromethane (50 mL), washed with distilled water (3 x 50 mL), the organic phase 
was dried over a minimum of NaSO4, filtered through paper and concentrated to afford 
quantitative red solid (0.22 mg). R.F. (hexane/ethyl acetate) = 0.54. 1H-NMR (250 MHz, 
CDCl3), ppm): 10.06 (s, 2H), 9.19 (d, 4.80 Hz, 4H), 8.91 (d, 4.80 Hz, 4 H), 8.08 (d, 
7.20 Hz, 2 H), 7.83 (m, 4 H), 7.67 (t, 2H, 7.20 Hz), 6.87 (d, 7.20 Hz, 4 H), 4.00 (d, 4 H, 
7.20 Hz). MALDI-TOF: calculated m/z for C44H28N4O2Zn 708.1; found m/z 707.7 [M]+. 
UV-Vis (dcm, 10-6 M): 413 nm (Soret) and 542 nm (Q band). 
Synthesis of meso-(n-hexil)-dipyrromethane 6 
 
Commercial heptaldehyde (2.30 g; 20 mmol) was dissolved in 40 mL of fresh distilled 
pyrrole (39 g, 580 mmol) under N2 atmosphere, the solution was degassed for 20 
minutes and added 77 L of trifluoroacetic acid (0.11 g; 1.00 mmol) by a syringe and 
the resulting mixture was stirred for 60 minutes at r.t. To neutralize the TFA 
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(trifuloroacetic acid) and quench reaction, was added 10 mL of NaOH 0.3 mol L-1, the 
organic phase was separated and washed with distilled water (2 x 50 mL), dried over 
NaSO4, filtered through paper and concentrated with rotevaporated under reduce 
pressure. The yellow oil was distilled to eliminate pyrrole. Final purification with 
chromatography (SiO2) using hexane/ethyl acetate (95:5 – 90:10, v/v) as eluent to 
afford a gray solid 6 (2.90 g, 62 %). R.F. (hexane: dichloromethane, 1:1) = 0.54. 1H-
NMR (250 MHz, CDCl3), ppm): 7.80 (s, 2H); 6.64 (m, 2 H), 6.14 (m, 2 H); 6.06 (s, 
2H); 1.95 (m, 2H), 1.27 (m, 14 H), 0.87 (t, 3H, 7.2 Hz). ESI-MS: calculated for C15H22N2 
m/z 230.2, found m/z 231.5 [M+H]+.  
Synthesis of meso-(n-hexil)-porphyrins 7and 7

 
Under N2 atmosphere, (n-hexil)-dipyrromethane (0.38 g; 1.46 mmol) and 2-(4-
phenol)benzaldehyde (0.29 g; 1.46 mmol) were dissolved in 170 mL of distilled 
dichloromethane, then the solution was degassed for 20 minutes. After addiction of 
TFA (0.1 mL; 0.15 g; 1.30 mmol) the solution stirred at r.t. for 1h. DDQ (2,3-dichrolo-
5,6-dicyanobenzoquinone) (0.36 g; 1.60 mmol) was added and the reaction maintained 
stirring more 14 h at r.t. Under reduce pressure at rotavap was reduced the solvent 
followed by a flash chromatography using ethyl acetate and hexane (1:4) to eliminated 
polymeric materials. Final purification by chromatography column (Si2O), using hexane 
and ethyl acetate (4:1) as eluent, yield 60 mg (5 %) of atropisomer  and 60 mg (5 
%) of atropisomer .  
Atropisomer : R.F. (hexane: ethyl acetate, 4:1) = 0.65. 1H-NMR (500 MHz, CDCl3), 
ppm): 9.20 (d, 4.7 Hz, 4H), 8.69 (d, 4.7 Hz, 4H); 7.95 (d, 2H, 7.7 Hz); 7.77 (t, 7.2 Hz, 
2H), 7.72 (d, 2H, 7.6 Hz); 7.07 (d, 2H, 7.2 Hz), 6.79 (t, 4H, 8.7 Hz), 5.77 (d, 4H, 8.7 
Hz), 4.77 (m, 4H); 2.37 (m, 4H); 1.67 (m, 4H); 1.41 (m, 4H); 1.30 (m, 4H); 0.84 (m, 6H); 
-2.87 (s, 2H). MALDI-TOF: calculated m/z for C56H54N4O2 814.4; found m/z 814.5 [M]+.  
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Atropisomer : R.F. (dcm: acetone, 7:3) = 0.4. 1H-NMR (500 MHz, CDCl3), ppm): 
9.22 (d, 4.7 Hz, 4H), 8.74 (d, 4.7 Hz, 4H); 8.09 (d, 2H, 7.7 Hz); 7.86 (t, 7.2 Hz, 2H), 
7.77 (d, 2H, 7.6 Hz); 7.67 (d, 2H, 7.2 Hz), 6.75 (t, 4H, 8.7 Hz), 5.55 (d, 4H, 8.7 Hz), 
4.78 (m, 4H); 2.39 (m, 4H); 1.73 (m, 4H); 1.39 (m, 4H); 1.30 (m, 4H); 0.94 (m, 6H); -
2.87 (s, 2H). MALDI-TOF: calculated m/z for C56H54N4O2 814.4; found m/z 814.3 [M]+. 
General Procedure for the Esterification of the Atropisomers  
 
 
Into a 50 mL Schlenk flask was added the atropisomer (0.06 mmol), acetic acid (11 L, 
0.192 mmol), DCC (0.04 g, 0.198 mmol) and dichloromethane (5 – 7 mL) under N2 
atmosphere. The reaction was stirred for 30 minutes at room temperature and DMAP 
(0.012g, 0.099 mmol) was added. The reaction mixture was stirred for 48 hours at r.t. 
A second portion of acetic acid (3.5 L, 0.06 mmol) and DCC (0.013 g, 0.066 mmol) 
were added and the reaction mixture was stirred for more 12 hours at r.t. The crude 
mixture was filtered through paper and the filtrate diluted with dichloromethane (50 
mL). The organic layer was washed three times with distilled water (3 x 50 mL), dried 
over NaSO4, filtered through paper and concentrated. Final purification by 
chromatography column (SiO2), using ethyl acetate and hexane (1:4) as eluent afford 
the target esterified compounds as a mixture of atropisomers, which was used in the 
metalation step without further purification. 
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General Procedure for the Synthesis of Cobalt(II)porphyrinate 

The free-base atropisomers (1 equiv.) was dissolved in dimethylformamide (10 mL) in 
a round-bottom flask equipped with a stir bar. The resulting solution was degassed 
with N2 for 10 minutes and Co(OAc)2.4H2O (6 equiv.) was added and the reaction 
mixture was heated at reflux for 1h under N2 atmosphere. The crude product was 
concentrated under reduced pressure and diluted with dichloromethane (50 mL). The 
organic phase was washed with distilled water (8 x 50 mL), dried over a minimum 
amount of NaSO4, filtered through paper and concentrated to afford a red solid. 
Column chromatography on silica allowed separation of the target porphyrinates 
atropisomers.  
 
73 
Atropisomer 8Purified using a mixture of DCM/acetone as eluent (70:30, v/v) R.F. 
(DCM) = 0.5. UV-Vis (DCM, 10-6 M, room temperature): Soret band max = 417 nm and 
Q-band max = 537 nm. MALDI-TOF:calculated m/z for C44H28N4O2Co 703.2; found 
m/z 702.6 [M]+.  
Atropisomer 8: Purified using a mixture of DCM/acetone as eluent (70:30, v/v) R.F. 
(DCM) = 0.2. UV-Vis (DCM, 10-6 M, room temperature): Soret band max = 417 nm and 
Q-band max = 537 nm. MALDI-TOF:calculated m/z for C44H28N4O2Co 703.2; found 
m/z 702.8 [M]+. 
Atropisomer 9: Purified using a mixture of hexanes/EtOAc as eluent (4:1, v/v) R.F. 
(hexanes/EtOAc, 4:1, v/v) = 0.6. UV-Vis (DCM, 10-6 M, room temperature): Soret band 
max = 417 nm and Q-band max = 537 nm. MALDI-TOF:calculated m/z for 
C56H52N4O2Co 871.3; found m/z 870.6 [M]+. 
Atropisomer 9: Purified using a mixture of hexanes/EtOAc as eluent (4:1, v/v) R.F. 
(hexanes/EtOAc, 4:1, v/v) = 0.4. UV-Vis (DCM, 10-6 M, room temperature): Soret band 
max = 417 nm and Q-band max = 537 nm. MALDI-TOF:calculated m/z for 
C56H52N4O2Co 871.3; found m/z 870.7 [M]+. 
Atropisomer 10: Purified using a mixture of DCM/acetone as eluent (70:30, v/v) R.F. 
(DCM) = 0.9. UV-Vis (DCM, 10-6 M, room temperature): Soret band max = 417 nm and 
Q-band max = 537 nm. MALDI-TOF: calculated m/z for C48H32N4O4Co (9a and 9b) 
787.2; found m/z 786.8 [M]+. 
Atropisomer 10: Purified using a mixture of DCM/acetone as eluent (70:30, v/v) R.F. 
(DCM) = 0.8. UV-Vis (DCM, 10-6 M, room temperature): Soret band max = 417 nm and 
Q-band max = 537 nm. MALDI-TOF: calculated m/z for C48H32N4O4Co (9a and 9b) 
787.2; found m/z 786.8 [M]+. 
Atropisomer 11: Purified using a mixture of hexanes/EtOAc as eluent (4:1, v/v) R.F. 
(hexanes/EtOAc, 4:1, v/v) = 0.69. UV-Vis (DCM, 10-6 M, room temperature): Soret 
band max = 417 nm and Q-band max = 537 nm. MALDI-TOF:calculated m/z for 
C60H56N4O4Co 955.4; found m/z 955.4 [M]+. 
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Atropisomer 11: Purified using a mixture of hexanes/EtOAc as eluent (4:1, v/v) R.F. 
(hexanes/EtOAc, 4:1, v/v) = 0.63. UV-Vis (DCM, 10-6 M, room temperature): Soret 
band max = 417 nm and Q-band max = 537 nm. MALDI-TOF:calculated m/z for 
C60H56N4O4Co 955.4; found m/z 955.4 [M]+. 
 
General Procedure for the Cyclopropanation Reactions Between Styrene and 
Ethyldiazoacetate    
 
 
Into a 10 mL Schlenk flask was added [CoII(porphyrin)]-based atropisomer (0.05 mmol) 
under N2 atmosphere as a solid followed by addition of 3.75 mL of toluene or DCM. 
Styrene (0.052 g, 57 L, 0.5 mmol) was added to the reaction flask, followed by 
addition of ethyldiazoacetate (0.52 g of the commercial solution with 13% 
concentration (w/w), 0.48 mL, 0.6 mmol). The reaction mixture was stirred at the 
desired temperature and time. Progress of the reaction was monitored by TLC. After 
completion, the crude product was by flash chromatography column using 
hexane/EtOAc as eluent (9:1, v/v) to afford the target product as a mixture of isomers. 
ESI-MS: calculated for C12H14O2 m/z 190.1, found m/z 191.3 [M+H]+. 
trans-isomer: 1H-NMR (250 MHz, CDCl3, ppm)) 7.09 – 7.31 (m, 5H), 4.17 (q, J = 
7.2 Hz, 2H), 2.52 (ddd, J = 9.3, 6.6, 4.2 Hz, 1H), 1.90 (ddd, J = 8.7, 5.4, 4.5 Hz, 1H), 
1.60 (ddd, J = 9.0, 5.1, 4.2 Hz, 1 H), 1.30 (ddd, J = 8.4, 6.6, 4.8, 1H), 1.28 (t, J = 7.2 
Hz, 3 H);  
cis-isomer: 7.18 – 7.28 (m, 5H), 3.88 (q, J = 7.2 Hz, 2H), 2.59 (m, 1 H), 2.08 (ddd, J 
= 6.3, 4.9, 4.4 Hz, 1H), 1.72 (ddd, J = 6.3, 4.9, 4.4 Hz, 1 H), 1.32 (ddd, J = 8.9, 7.9, 
5.0, 1H), 0.97 (t, J = 7.2 Hz, 3 H).  
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8 Annexes  
 
 
Figure 35. 1H NMR spectrum of compound 1 (250 MHz, CDCl3, 298 K). 
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Figure 36. 13C NMR spectrum of compound 1 (125 MHz, CDCl3, 298 K). 
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Figure 37. ESI-MS mass spectrum of compound 1 (positive mode, 1 mg ml-1, 
acetonitrile). 
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Figure 38. 1H NMR spectrum of compound 2 (600 MHz, CDCl3, 298 K).  
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Figure 39. 13C NMR spectrum of compound 2 (150 MHz, CDCl3, 298 K). 
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Figure 40. ESI-MS mass spectrum of compound 2 (positive mode, 1 mg ml-1, 
acetonitrile). 
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Figure 41. 1H NMR spectrum of compound 3 (600 MHz, CDCl3, 298 K). 
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Figure 42. 13C NMR spectrum of compound 3 (150 MHz, CDCl3, 298 K). 
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Figure 43. ESI-MS mass spectrum of compound 3 (positive mode, 1 mg ml-1, 
acetonitrile). 
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Figure 44. 1H NMR spectrum of compound 4 (500 MHz, DMSO-d6, 298 K). 
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Figure 45. 13C NMR spectrum of compound 4 (125 MHz, CDCl3, 298 K). 
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Figure 46. MALDI-TOF mass spectrum of compound 4 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 20 %, 1 mg of 
sample). 
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Figure 47. 1H NMR spectrum of compound 4 (500 MHz, CDCl3, 298 K). 
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Figure 48. 13C NMR spectrum of compound 4 (125 MHz, CDCl3, 298 K). 
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Figure 49. MALDI-TOF mass spectrum of compound 4. (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 2 mg of 
sample). 
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Figure 50. 1H NMR spectrum of compound 4Zn (250 MHz, CDCl3, 298 K). 
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Figure 51. MALDI-TOF mass spectrum of compound 4_Zn (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
 
 
Figure 52. UV-Vis of compound 4 (black line) and 4Zn (red line). Conditions: 
10-6 M, dichloromethane.  
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Figure 53. 1H NMR spectrum of compound 6 (250 MHz, CDCl3, 298 K). 
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Figure 54. 13C NMR spectrum of compound 6 (100 MHz, CDCl3, 298 K). 
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Figure 55. ESI-MS mass spectrum of compound 6 (positive mode, 1 mg ml-1, 
acetonitrile).  
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Figure 56. 1H NMR spectrum of compound 7 (500 MHz, CDCl3, 298 K). 
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Figure 57. 13C NMR spectrum of compound 7 (125 MHz, CDCl3, 298 K). 
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Figure 58. MALDI-TOF mass spectrum of compound 7 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
 
102 
 
Figure 59. 1H NMR spectrum of compound 7 (500 MHz, CDCl3, 298 K). 
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Figure 60. 13C NMR spectrum of compound 7 (125 MHz, CDCl3, 298 K). 
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Figure 61. MALDI-TOF mass spectrum of compound 7 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
 
Figure 62. MALDI-TOF mass spectrum of compound 8 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
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Figure 63. MALDI-TOF mass spectrum of compound 8 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
 
Figure 64. MALDI-TOF mass spectrum of compound 9 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
106 
 
Figure 65. MALDI-TOF mass spectrum of compound 9 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
 
Figure 66. MALDI-TOF mass spectrum of compound 10 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
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Figure 67. MALDI-TOF mass spectrum of compound 10 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
 
Figure 68. MALDI-TOF mass spectrum of compound 11 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
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Figure 69. MALDI-TOF mass spectrum of compound 11 (positive mode, DPB as 
matrix, dichloromethane as solvent to crystallization, power ionization in 15 %, 1 mg of 
sample). 
 
All UV-Vis analysis follow the same protocol as show in Figure 70 to  
Co(II)porphyrinates.  
 
Figure 70. UV/Vis spectrum (dichloromethane) of atropisomer 9 (black line) and 
atropisomer 9 (red line). [metalloporphyrin] = 3.0 x 10-7 mM. 
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Figure 71. ESI-MS mass spectrum of ethyl 2-phenylcyclopropane-1-carboxylate. 
Conditions: positive mode, 1 mg mL-1, acetonitrile.  
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Figure 72. 1H-NMR spectrum of compound ethyl 2-phenylcyclopropane-1-carboxylate 
(cis and trans). (600 MHz, CDCl3, 298 K). 
111 
 
Figure 73. 13C-NMR spectrum of compound ethyl 2-phenylcyclopropane-1-
carboxylate (cis and trans). (150 MHz, CDCl3, 298 K). 
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Table 5. Crystal data, details of data collection and structure refinement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Atropisomer 4 Atropisomer 4 
Chemical 
formula 
8(C2H6OS).4(C44H30
N4O2).4(H2O) 
C44H30N4O2.2(C2H6O
S) 
Molecular 
Weight 
3283.96 802.97  
Crystal System Monoclinic Monoclinic  
Space Group P21/c P21/n 
a (Å) 17.870 (4) 9.603 (2) 
b (Å) 16.180 (3) 17.561 (4) 
c (Å) 14.020 (3) 12.130 (3) 
 90 90 
 92.38 (3) 102.46 
 90 90 
V (Å3) 4050.2 (14) 1997.3 (8) 
Z 1 2 
Wavelength (Å) 0.82655 1.541 
Radiation Syncroton  Cu 
Temperature (K) 100 150 
 (mm-1) 0.28 1.62 
Dc (g cm-3) 1.346 1.335 
F 000 1728 844 
Symmetry Codei  -x, -y+1, -z 
Highest 
difference peak 
1.019 2.104 
Deepest hole - 1.053 -0.758 
R[F2 > 2σ(F2)] 0.076 0.073 
wR(F2) 0.262 0.220 
Reflections total 35364 22799 
max 32.1 67.1 
   
Solve structure  SHELXT2014/4 
(Sheldrick, 2008) 
SHELXS97 
(Sheldrick, 2008) 
Refine Structure  XL (Sheldrick, 2008) SHELXL2014/7 
(Sheldrick, 2015) 
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Table 6. Bond lengths (Å) with estimated standard derivations in parentheses of 
atropisomers 4.  
S1—O2 1.508 (3) C11—C12 1.392 (4) 
S1—C23 1.754 (4) C11—C16 1.415 (4) 
S1—C24 1.772 (5) C12—C13 1.388 (4) 
O1—C20 1.359 (4) C12—H12 0.9500 
O1—H1 0.84 (5) C13—C14 1.383 (5) 
N1—C1 1.373 (4) C13—H13 0.9500 
N1—C4 1.375 (4) C14—C15 1.369 (5) 
N2—C9 1.366 (4) C14—H14 0.9500 
N2—C6 1.377 (4) C15—C16 1.412 (4) 
N2—H2A 0.8800 C15—H15 0.9500 
C1—C10i 1.397 (4) C16—C17 1.480 (4) 
C1—C2 1.434 (4) C17—C18 1.393 (4) 
C2—C3 1.363 (4) C17—C22 1.399 (4) 
C2—H2 0.9500 C18—C19 1.380 (4) 
C3—C4 1.445 (4) C18—H18 0.9500 
C3—H3 0.9500 C19—C20 1.398 (5) 
C4—C5 1.398 (4) C19—H19 0.9500 
C5—C6 1.407 (4) C20—C21 1.385 (5) 
C5—C11 1.503 (4) C21—C22 1.385 (5) 
C6—C7 1.437 (4) C21—H21 0.9500 
C7—C8 1.351 (5) C22—H22 0.9500 
C7—H7 0.9500 C23—H23A 0.9800 
C8—C9 1.439 (4) C23—H23B 0.9800 
C8—H8 0.9500 C23—H23C 0.9800 
C9—C10 1.390 (4) C24—H24A 0.9800 
C10—C1i 1.397 (4) C24—H24B 0.9800 
C10—H10 0.9500 C24—H24C 0.9800 
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Table 7. Bond angles (º) with estimated standard derivations in parentheses of 
atropisomers 4. i Symmetry code: -x, -y+1, -z. 
O2—S1—C23 108.0 (2) C11—C12—H12 119.0 
O2—S1—C24 104.0 (2) C14—C13—C12 119.4 (3) 
C23—S1—C24 97.7 (3) C14—C13—H13 120.3 
C20—O1—H1 111 (4) C12—C13—H13 120.3 
C1—N1—C4 107.3 (2) C15—C14—C13 119.9 (3) 
C9—N2—C6 107.9 (2) C15—C14—H14 120.1 
C9—N2—H2A 126.0 C13—C14—H14 120.1 
C6—N2—H2A 126.0 C14—C15—C16 122.0 (3) 
N1—C1—C10i 126.1 (3) C14—C15—H15 119.0 
N1—C1—C2 109.4 (3) C16—C15—H15 119.0 
C10i—C1—C2 124.5 (3) C15—C16—C11 118.0 (3) 
C3—C2—C1 107.3 (3) C15—C16—C17 118.6 (3) 
C3—C2—H2 126.4 C11—C16—C17 123.3 (3) 
C1—C2—H2 126.4 C18—C17—C22 117.4 (3) 
C2—C3—C4 107.1 (3) C18—C17—C16 119.7 (3) 
C2—C3—H3 126.4 C22—C17—C16 122.9 (3) 
C4—C3—H3 126.4 C19—C18—C17 122.1 (3) 
N1—C4—C5 124.8 (3) C19—C18—H18 118.9 
N1—C4—C3 108.9 (2) C17—C18—H18 118.9 
C5—C4—C3 126.3 (3) C18—C19—C20 119.3 (3) 
C4—C5—C6 122.7 (3) C18—C19—H19 120.3 
C4—C5—C11 119.9 (2) C20—C19—H19 120.3 
C6—C5—C11 117.3 (2) O1—C20—C21 118.2 (3) 
N2—C6—C5 124.9 (3) O1—C20—C19 122.1 (3) 
N2—C6—C7 108.5 (2) C21—C20—C19 119.7 (3) 
C5—C6—C7 126.6 (3) C22—C21—C20 120.1 (3) 
C8—C7—C6 107.3 (3) C22—C21—H21 120.0 
C8—C7—H7 126.3 C20—C21—H21 120.0 
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C6—C7—H7 126.3 C21—C22—C17 121.3 (3) 
C7—C8—C9 107.8 (3) C21—C22—H22 119.3 
C7—C8—H8 126.1 C17—C22—H22 119.3 
C9—C8—H8 126.1 S1—C23—H23A 109.5 
N2—C9—C10 127.4 (3) S1—C23—H23B 109.5 
N2—C9—C8 108.5 (3) H23A—C23—H23B 109.5 
C10—C9—C8 124.1 (3) S1—C23—H23C 109.5 
C9—C10—C1i 129.2 (3) H23A—C23—H23C 109.5 
C9—C10—H10 115.4 H23B—C23—H23C 109.5 
C1i—C10—H10 115.4 S1—C24—H24A 109.5 
C12—C11—C16 118.6 (3) S1—C24—H24B 109.5 
C12—C11—C5 118.1 (3) H24A—C24—H24B 109.5 
C16—C11—C5 123.3 (3) S1—C24—H24C 109.5 
C13—C12—C11 122.0 (3) H24A—C24—H24C 109.5 
C13—C12—H12 119.0 H24B—C24—H24C 109.5 
 
Table 8. Bond lengths (Å) with estimated standard derivations in parentheses of 
atropisomers 4.  
S1—O3 1.494 (3) C12—C13 1.351 (6) 
S1—C47 1.778 (5) C21—C22 1.393 (6) 
S1—C48 1.784 (5) C15—H15 0.9500 
S2—O4 1.509 (4) C15—C16 1.384 (6) 
S2—C45 1.753 (5) C3—H3A 0.9500 
S2—C46 1.758 (6) C3—C2 1.351 (6) 
O1—H1 0.8400 C3—C4 1.415 (6) 
O1—C30 1.351 (5) C40—H40 0.9500 
O5—H5A 0.8496 C40—C41 1.375 (6) 
O5—H5B 0.8502 C32—H32 0.9500 
O2—H2 0.8400 C32—C31 1.387 (6) 
O2—C42 1.360 (5) C8—H8 0.9500 
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N3—H3 0.8800 C31—H31 0.9500 
N3—C11 1.371 (5) C31—C30 1.385 (5) 
N3—C14 1.357 (5) C2—H2A 0.9500 
N2—C6 1.359 (5) C29—H29 0.9500 
N2—C9 1.360 (5) C29—C30 1.370 (6) 
N1—H1A 0.8800 C29—C28 1.385 (6) 
N1—C1 1.362 (5) C34—H34 0.9500 
N1—C4 1.366 (5) C34—C35 1.376 (6) 
N4—C19 1.360 (5) C16—C17 1.447 (5) 
N4—C16 1.363 (5) C5—H5 0.9500 
C1—C20 1.385 (5) C5—C4 1.384 (6) 
C1—C2 1.423 (6) C13—H13 0.9500 
C38—C39 1.474 (6) C28—H28 0.9500 
C38—C33 1.410 (6) C41—H41 0.9500 
C38—C37 1.387 (6) C41—C42 1.383 (7) 
C11—C10 1.388 (5) C18—H18 0.9500 
C11—C12 1.429 (6) C18—C17 1.330 (6) 
C44—H44 0.9500 C43—H43 0.9500 
C44—C39 1.391 (6) C43—C42 1.378 (6) 
C44—C43 1.378 (6) C22—H22 0.9500 
C20—C33 1.502 (6) C22—C23 1.366 (6) 
C20—C19 1.395 (6) C35—H35 0.9500 
C27—C26 1.476 (5) C35—C36 1.380 (7) 
C27—C32 1.377 (6) C17—H17 0.9500 
C27—C28 1.394 (5) C36—H36 0.9500 
C6—C7 1.441 (5) C25—H25 0.9500 
C6—C5 1.384 (6) C25—C24 1.383 (6) 
C39—C40 1.395 (5) C23—H23 0.9500 
C33—C34 1.382 (6) C23—C24 1.381 (6) 
C9—C10 1.395 (6) C24—H24 0.9500 
117 
C9—C8 1.444 (6) C47—H47A 0.9800 
C19—C18 1.447 (5) C47—H47B 0.9800 
C26—C21 1.393 (6) C47—H47C 0.9800 
C26—C25 1.382 (6) C48—H48A 0.9800 
C37—H37 0.9500 C48—H48B 0.9800 
C37—C36 1.388 (7) C48—H48C 0.9800 
C7—H7 0.9500 C45—H45A 0.9800 
C7—C8 1.342 (6) C45—H45B 0.9800 
C14—C15 1.386 (6) C45—H45C 0.9800 
C14—C13 1.422 (6) C46—H46A 0.9800 
C10—C21 1.502 (6) C46—H46B 0.9800 
C12—H12 0.9500 C46—H46C 0.9800 
 
Table 9. Bond angles (º) with estimated standard derivations in parentheses of 
atropisomers 4.  
O3—S1—C47 106.59 (19) C30—C31—C32 119.2 (4) 
O3—S1—C48 105.9 (2) C30—C31—H31 120.4 
C47—S1—C48 96.8 (2) C1—C2—H2A 126.1 
O4—S2—C45 106.2 (2) C3—C2—C1 107.8 (4) 
O4—S2—C46 106.2 (3) C3—C2—H2A 126.1 
C45—S2—C46 98.0 (3) C30—C29—H29 119.8 
C30—O1—H1 109.5 C30—C29—C28 120.5 (4) 
H5A—O5—H5B 109.5 C28—C29—H29 119.8 
C42—O2—H2 109.5 C33—C34—H34 118.9 
C11—N3—H3 125.1 C35—C34—C33 122.3 (4) 
C14—N3—H3 125.1 C35—C34—H34 118.9 
C14—N3—C11 109.9 (3) O1—C30—C31 122.1 (4) 
C6—N2—C9 106.2 (3) O1—C30—C29 118.0 (3) 
C1—N1—H1A 125.4 C29—C30—C31 119.8 (4) 
C1—N1—C4 109.2 (3) N4—C16—C15 126.2 (3) 
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C4—N1—H1A 125.4 N4—C16—C17 109.5 (4) 
C19—N4—C16 106.3 (3) C15—C16—C17 124.2 (4) 
N1—C1—C20 124.7 (4) C6—C5—H5 115.8 
N1—C1—C2 107.4 (3) C6—C5—C4 128.5 (4) 
C20—C1—C2 127.9 (4) C4—C5—H5 115.8 
C33—C38—C39 124.2 (4) C14—C13—H13 125.7 
C37—C38—C39 118.0 (4) C12—C13—C14 108.6 (4) 
C37—C38—C33 117.7 (4) C12—C13—H13 125.7 
N3—C11—C10 124.5 (4) C27—C28—H28 119.6 
N3—C11—C12 107.1 (3) C29—C28—C27 120.7 (4) 
C10—C11—C12 128.5 (4) C29—C28—H28 119.6 
C39—C44—H44 119.0 C40—C41—H41 119.8 
C43—C44—H44 119.0 C40—C41—C42 120.4 (4) 
C43—C44—C39 121.9 (4) C42—C41—H41 119.8 
C1—C20—C33 116.8 (4) C19—C18—H18 126.7 
C1—C20—C19 124.0 (4) C17—C18—C19 106.6 (4) 
C19—C20—C33 118.6 (3) C17—C18—H18 126.7 
C32—C27—C26 122.5 (3) C44—C43—H43 120.1 
C32—C27—C28 117.8 (4) C42—C43—C44 119.7 (4) 
C28—C27—C26 119.7 (4) C42—C43—H43 120.1 
N2—C6—C7 110.3 (4) C21—C22—H22 119.2 
N2—C6—C5 126.9 (4) C23—C22—C21 121.6 (4) 
C5—C6—C7 122.8 (4) C23—C22—H22 119.2 
C44—C39—C38 119.9 (3) C34—C35—H35 120.4 
C44—C39—C40 117.2 (4) C34—C35—C36 119.3 (4) 
C40—C39—C38 122.6 (4) C36—C35—H35 120.4 
C38—C33—C20 124.1 (4) N1—C4—C3 107.6 (3) 
C34—C33—C38 119.1 (4) N1—C4—C5 125.8 (4) 
C34—C33—C20 116.8 (4) C5—C4—C3 126.5 (4) 
N2—C9—C10 125.4 (4) C16—C17—H17 126.3 
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N2—C9—C8 110.0 (4) C18—C17—C16 107.5 (4) 
C10—C9—C8 124.6 (4) C18—C17—H17 126.3 
N4—C19—C20 125.1 (4) C37—C36—H36 120.4 
N4—C19—C18 110.1 (3) C35—C36—C37 119.1 (4) 
C20—C19—C18 124.7 (4) C35—C36—H36 120.4 
C21—C26—C27 122.5 (4) O2—C42—C41 118.2 (4) 
C25—C26—C27 119.0 (4) O2—C42—C43 122.3 (4) 
C25—C26—C21 118.5 (4) C43—C42—C41 119.6 (4) 
C38—C37—H37 118.8 C26—C25—H25 119.1 
C38—C37—C36 122.4 (4) C26—C25—C24 121.8 (4) 
C36—C37—H37 118.8 C24—C25—H25 119.1 
C6—C7—H7 126.7 C22—C23—H23 120.2 
C8—C7—C6 106.6 (4) C22—C23—C24 119.6 (4) 
C8—C7—H7 126.7 C24—C23—H23 120.2 
N3—C14—C15 126.4 (4) C25—C24—H24 120.3 
N3—C14—C13 107.1 (4) C23—C24—C25 119.3 (4) 
C15—C14—C13 126.5 (4) C23—C24—H24 120.3 
C11—C10—C9 124.2 (4) S1—C47—H47A 109.5 
C11—C10—C21 118.1 (4) S1—C47—H47B 109.5 
C9—C10—C21 117.4 (3) S1—C47—H47C 109.5 
C11—C12—H12 126.3 H47A—C47—H47B 109.5 
C13—C12—C11 107.4 (4) H47A—C47—H47C 109.5 
C13—C12—H12 126.3 H47B—C47—H47C 109.5 
C26—C21—C10 122.7 (3) S1—C48—H48A 109.5 
C22—C21—C26 119.2 (4) S1—C48—H48B 109.5 
C22—C21—C10 117.8 (4) S1—C48—H48C 109.5 
C14—C15—H15 115.9 H48A—C48—H48B 109.5 
C16—C15—C14 128.3 (4) H48A—C48—H48C 109.5 
C16—C15—H15 115.9 H48B—C48—H48C 109.5 
C2—C3—H3A 126.0 S2—C45—H45A 109.5 
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C2—C3—C4 108.0 (4) S2—C45—H45B 109.5 
C4—C3—H3A 126.0 S2—C45—H45C 109.5 
C39—C40—H40 119.4 H45A—C45—H45B 109.5 
C41—C40—C39 121.2 (4) H45A—C45—H45C 109.5 
C41—C40—H40 119.4 H45B—C45—H45C 109.5 
C27—C32—H32 119.0 S2—C46—H46A 109.5 
C27—C32—C31 122.0 (4) S2—C46—H46B 109.5 
C31—C32—H32 119.0 S2—C46—H46C 109.5 
C9—C8—H8 126.6 H46A—C46—H46B 109.5 
C7—C8—C9 106.9 (4) H46A—C46—H46C 109.5 
C7—C8—H8 126.6 H46B—C46—H46C 109.5 
C32—C31—H31 120.4   
 
